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Spontaneous nucleation of microtubules
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The spontaneous nucleation of individual microtubules from tubulin dimers is observed directly under
conditions of marginal nucleation. The results are compared with measurements of bulk turbidity fol-
lowing a deep quench [W. A. Voter and H. P. Erickson, J. Biol. Chem. 259, 10430 (1984)]. The size of
the critical microtubule nucleus is 1242 tubulin dimers in the two regimes, but the assembly pathway is

different.

PACS number(s): 87.22.Bt, 82.35.+t

I. INTRODUCTION

Tubulin is an important protein in the cytosekeleton of
all eukaryotes. It is a dimer 8 nm long and 4 nm in diam-
eter. It has a remarkable tendency to aggregate (or po-
lymerize) into long and very rigid hollow rods called mi-
crotubules. Microtubules have a chiral, crystalline struc-
ture, that typically incorporates 13 longitudinal
protofilaments of dimers, and can be long enough to span
a cell (10—100 um). The dynamics of tubulin polymeriza-
tion is governed by periods of growth interrupted by
periods of rapid shortening. This so-called dynamic in-
stability creates a robust and reasonably fast mechanism
that performs complicated tasks for the cell [1]. Many
studies have helped to characterize dynamic instability
[2-5] but little attention has been given to the
phenomenon of microtubule nucleation [6,7].

In the present work, we study the spontaneous nu-
cleation of microtubules in vitro in the limit of very slow
and very fast nucleation rates. The rate of nucleation is a
function of temperature T and concentration of tubulin
C. At very low concentrations or temperatures (C <10
uM, T <15°C), the rate is unmeasurably slow. At
moderate  concentrations or  temperatures (10
uM <C<40 uM, 15°C<T<30°C), individual nu-
cleation events can be recorded by measuring the density
of single microtubules directly under an optical micro-
scope. Since microtubules are effectively one dimension-
al, they consume the supply of tubulin quite slowly. Thus
their nucleation can be monitored for relatively long
times and at modest rates by direct observation under an
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optical microscope. Upon quenching to very high tem-
peratures or concentrations, nucleation proceeds rapidly
and direct observation is difficult. In this regime, obser-
vations of the solution turbidity are often used as a mea-
sure of the microtubule density.

This paper is organized as follows. First, we investi-
gate marginal nucleation. We describe an experiment in
which we monitor microtubule density directly at
moderate temperatures and concentrations. Under these
conditions nucleation proceeds at a constant rate, indi-
cating that it is, effectively, a single-step process. Fur-
thermore, the rate scales with the (12+2) power of the
tubulin concentration, indicating that the critical nucleus
involves 1212 tubulin dimers. Next, we consider nu-
cleation after a deep quench. We reanalyze turbidity
data from an experiment by Voter and Erickson [7] in
which concentrated tubulin solutions, containing a large
amount of glycerol, were quenched to high temperatures.
In this regime, the critical nucleus, while the same size, is
formed via three or four metastable states. Finally, we
show that glycerol alone is not responsible for the
different nucleation pathways.

II. NUCLEATION NEAR ONSET

Microtubules are essentially one dimensional, which
means they can grow to considerable lengths at modest
densities without significantly depleting the concentration
of tubulin. In the regime we call marginal nucleation,
single microtubules are sparse and we can count them in-
dividually for long times (minutes to hours), even at
moderate nucleation rates, using an optical microscope.

A. Experimental method

The experimental setup is identical to one described
elsewhere [5,8]. Purified tubulin (<0.1% contaminating
protein by weight) in an aqueous solution (100 mM Pipes,
pH 6.9) with excess guanosine 5'-triphosphate (GTP) (1
mM) and MgSO, (2 mM) is placed between a glass slide
and coverslip and observed with an optical microscope.
The microscope is equipped for differential interference
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contrast (DIC) imaging with video enhancement. The
sample temperature is controlled by fluid flowing through
a collar around the oil-immersed objective and through
the sample stage. To create rapid temperature changes
(~15°C/min), we switch between fluids from two
different temperature baths. The sample comes within
0.5°C of its final temperature in 2 min and requires
another 10 min to equilibrate completely.

At the beginning of a measurement, the sample is held
at 4°C for at least 25 min to assure that no microtubules
are present. The temperature is then raised abruptly.
We translate the sample to observe one or more indepen-
dent fields of view, sweeping the focus through the full
depth of the sample in each. A field of view is 22.5X 30
um? and usually ~50 um deep (~34 picoliters). The
sample depth is limited by the working distance of the
objective. We favor thick samples since they are least
affected by the nonspecific absorption of tubulin to the
glass surfaces [9]. However, because it takes time to
sweep the focus as we make our measurement (~1
min/50 um), we reduce the sample thickness to 25 um to
measure the fastest nucleation rate.

For each focal sweep, we record the time and the num-
ber of microtubule ends. Since every nucleation event
generates two ends, the number of nucleation events cor-
responds to half the number of microtubule ends. We bin
the observations in time, choosing the bin width such
that each bin includes, on average, one new end. Obser-
vations are limited to less than 2 h by the natural decay
of tubulin in vitro. When the nucleation rate is slow, we
repeat the measurement to observe a total of at least four
microtubule ends. At moderate nucleation rates, howev-
er, observations are limited instead by the density of mi-
crotubules since visibility is impaired once there are more
than ~30 microtubules per field of view. Even so, the
concentration of tubulin dimers in solution is never dep-
leted by more than ~ 1% of its initial value.

B. Results

We monitor the density of microtubule ends as a func-
tion of time at various tubulin concentrations (12-60
M) and temperatures (18-40°C). Figure 1 is a typical
plot of the density of microtubule ends as it develops with
time for T=18°C and C =60 uM. The density increases
at a constant rate and then saturates.

Observations are limited to conditions for which the
typical time between nucleation events in the observable
volume (25-500 picoliters), 7, is on the order of minutes
to hours. Since the rate of nucleation changes with tem-
perature, it is possible to observe nucleation over a wide
range of tubulin concentrations. The nucleation rate
dependence on concentration is plotted for three different
temperatures in Fig. 2. At each temperature, a power
law fit gives

1 /7 C2E2 (1)

where 1/7 is the nucleation rate per unit volume.

To interpret these results, we invoke a simple model.
Consider a subcritical aggregate of x tubulin dimers
which grows or shrinks one dimer at a time with proba-
bilities g and s, respectively. (Ignore events involving
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FIG. 1. Density of microtubule ends versus time for C =6
puM and T =18°C as observed by video-enhanced DIC micros-
copy. The fit includes the first 55 min and gives a nucleation
rate of 4X 10*/cm>®sec. The saturation observed after this time
is a result of aging of the sample. The nucleation rate is particu-
larly sensitive to slight changes in the tubulin concentration
(1/1x C'?), as is shown in Fig. 2.

more than one aggregate.) Both g and s must depend on
the size of the aggregate so that subcritical aggregates are
unstable and larger aggregates grow. The simplest such
model has g /s <1 for x <N and g /s > 1 for x = N, where
N is the size of the critical aggregate. It is reasonable to
presume that g will be proportional to C while s should
be independent of C. Therefore the critical size x =N at
which g =s may decrease with increasing C. To first or-
der N=N(C)=N(Cy)—(1—C/Cy)/f’ where
f'=d(g/s)/dN is the slope of the size dependence of
g/s(C,) at threshold. We assume this effect is negligible
and consider g /s as a step function.
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FIG. 2. Nucleation rate per unit volume versus concentra-
tion under conditions of marginal nucleation at three different
temperatures: 7 =30°C (solid circles), T =22°C (open circles),
and T =20°C (triangles). The lines represent 1/7«< C'2. The er-
ror bars allow for an error of +2 in the exponent.
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A constant nucleation rate implies a steady state popu-
lation of subcritical aggregates, described by

gn(x)=sn(x +1) forx <N—1, (2)

where n(x) is the concentration of aggregates of size x.
From this we can deduce that nucleation within a volume
V occurs at a rate

N-2

1/7=g % n(l)yecV, 3)

where n (1)=C is the concentration of dimers.

This power law dependence agrees with the observa-
tions in Fig. 2. The exponent N does not change notice-
ably with concentration, consistent with our presumed
steplike treatment of g /s (x). We conclude that 12+2 tu-
bulin dimers are involved in the nucleus of a microtubule.
Given an observed nucleation rate (1/7~0.1 sec”!cm™3
when C ~50 uM ~ 10' dimers/cm ™3 and T'=20°C) and
applying an order of magnitude estimate of g~ 10%>*!
dimers/sec obtained from the measured absolute growth
rate of a microtubule under these conditions [5], we find
g/s=0.01. This small value justifies ignoring processes
involving multiple aggregates in the above model.

The model does not demand instantaneous condensa-
tion of N dimers, only subsequent aggregation. However,
the value of g /s is so small in our case that the distinc-
tion between these two processes is meaningless.

III. NUCLEATION FAR FROM ONSET

We now turn to the regime of abundant nucleation in
which microtubules are dense and begin depleting the
bath of tubulin only minutes after nucleation starts. We
reanalyze the results of an experiment by Voter and Er-
ickson [7] in which tubulin solutions of different concen-
trations are quenched to high temperature (37°C) in the
presence of glycerol. Microtubule mass density as a func-
tion of time is determined from the level of light scattered
by a known volume of solution (turbidity). Some typical
data are reproduced in Fig. 3(a).

We assume the measured turbidity is simply propor-
tional to the amount of polymerized mass. This assump-
tion is wrong for high concentrations of polymer [6] and
for very short microtubules [10]. With respect to the first
concern, the tubulin concentrations never exceed 19 uM,
and thus the turbidity was proportional to the polymer
mass, as demonstrated in Fig. 2 of Ref. [7]. In addition,
we are even further from the nonlinear regime since we
use only the initial 10% of the turbidity data in our
analysis.

As far as short microtubules are concerned, our as-
sumption holds when the microtubules are longer than
the wavelength of the light used to measure the turbidity
0.35 pum (Fig. A2 of Ref. [10]). In the most sensitive case
(when the initial tubulin concentration is highest, 19.0
uM), the growth velocity is about 0.1 um/sec (extrapolat-
ed from measurements at lower concentrations [5]). Thus
microtubules grow to 0.3 um in length in about 3 sec.
For comparison, the origin of time is defined with only 5
sec resolution because the initial temperature jump lasts
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15 sec. A detailed analysis using the turbidity-mass rela-
tion from [10] shows that the error in identifying turbidi-
ty with total microtubule mass becomes insignificant for
times ¢ >3 sec [11].

A. Analysis

Each curve shows a lag time followed by a fast rise in
the microtubule mass density M. The fast rise is better
observed on a logarithmic axis, as shown for a larger set
of data in Fig. 3(b). The curves are parallel, meaning that
M evolves in the same way for all initial concentrations:
as a power law with an exponent between 4 and 5. The
lag time, on the other hand, depends on the initial tubulin
concentration C or, equivalently, on the final microtubule
mass, M, < C. If we define a characteristic time ?,,, at
which M =M _ /10, and plot this time versus M ., we
find ¢,y < C 3, as illustrated in Fig. 4.

These results can be interpreted with some key
modifications to our previous simple model. The details
are given in the Appendix. Briefly, the fact that the nu-
cleation rate accelerates over time means that the popula-
tion of subcritical aggregates is not steady state. Equa-
tion (2) must therefore be replaced by a set of coupled
differential equations describing temporal behavior of the
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FIG. 3. Turbidity as a function of time for various tubulin
concentrations, measured in terms of the optical density at 350
nm wavelength (ODj35). (a) A sample of data from [7]. (b) The
entire data set from [7] replotted with logarithmic axes.
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FIG. 4. Time required to reach % of the final microtubule
mass as a function of the final microtubule mass density. The
line has a slope of —3. The lack of correspondence with the
two lowest mass densities is probably due to the limitations of
the turbidity measurement, which is not reliable for microtubule

mass densities below 0.2 uM.

concentrations of the subcritical aggregates. It also be-
comes necessary to introduce a less trivial size depen-
dence in the growth and shrinking probabilities of sub-
critical aggregates. In general, each aggregate of size i
can have a unique g; and s;. In this slightly more compli-
cated scenario, the microtubule mass can be expected to
grow as

M(t) « Oyl

0

) 4)

where N is the number of dimers in the nucleus and i, is
the number of metastable subcritical aggregates.

Thus, from the power law measured in Fig. 3(b), we
learn that abundant nucleation takes place in three or
four steps and, combining that results with the scaling of
the characteristic time, we estimate the size of the nu-
cleus to be around 12 to 15 dimers.

B. Discussion

In their original analysis, Voter and Erickson interpret-
ed their data in terms of a critical nucleus of 6—-7 dimers
[7]. The discrepancy arises because they fit to the entire
time series and consequently compromise the goodness of
the fit at early times. By addressing only the early time
behavior, our analysis yields a better fit and, we believe, a
more reliable interpretation. The lesson learned here
may be applicable to studies of self-assembly in other bio-
logical systems as well [12].

Between the turbidity data and our own direct visuali-
zation, we have observed two different pathways of for-
mation of the microtubule nucleus. We propose that it is
the extent to which the system is quenched beyond the
transition that determines which pathway is favored.
However, besides the severity of the quench there is one
major difference between the two experiments: glycerol.
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FIG. 5. Density of microtubule ends versus time with 3.4M
glycerol in solution (open circles) (C =7.5 uM and T =21.5°C)
and without (closed circles) (C =60 uM and T =18°C). Notice
the sample with glycerol lasted about 20 min longer before sa-
turating than the one without. This is consistent with our un-
derstanding that glycerol has a stabilizing effect [11].
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FIG. 6. Effects of glycerol on microtubule polymerization
and dynamics. Measurements were made for C =13.5 uM and
T =21.5°C. (a) Rate of microtubule elongation and (b) time be-
tween shortening events versus glycerol concentration. The
large error bars in part (b) reflect low statistics.
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IV. EFFECT OF GLYCEROL

It should not be overlooked that the two experiments
discussed above employ different buffers. In the turbidity
experiment, the buffer contained 50 mM MES, pH 6.6, 5
mM MgSO,, 1 mM EGTA, 1 mM GTP, and 3.4M gly-
cerol [7]. In the direct visualization experiment, the
buffer contained 100 mM Pipes, pH 6.9, 2 mM MgSO,, 2
mM EGTA, 1 mM GTP, and no glycerol [S]. The most
significant difference is the presence of glycerol, which is
commonly known to promote and stabilize microtubule
formation [13]. Could it be that glycerol alone is respon-
sible for the existence of the metastable subcritical aggre-
gates observed in the deep quench?

To address this concern we introduced 3.4M glycerol
in our buffer and repeated the marginal nucleation exper-
iment. Figure 5 compares the time development of nu-
cleation with glycerol (open circles) (T'=21.5°C and
C=17.5 uM) and without (full circles) (T'=18°C and
C =60 uM). Although it was necessary to drastically
lower the concentration of tubulin to achieve conditions
of marginal nucleation, we find the nucleation rate in the
presence of glycerol is again constant in time. We there-
fore do not consider glycerol alone responsible for the
different nucleation pathway found in the turbidity exper-
iment. It is clear, however, that the presence of glycerol
makes for a much deeper quench at a given temperature
and tubulin concentration.

To understand how glycerol promotes spontaneous nu-
cleation, we investigated its effect on microtubule poly-
merization and dynamic instability [8]. Our results are
summarized in Fig. 6. Figure 6(a) shows that the rate of
microtubule growth g is totally insensitive to the presence
of glycerol. Instead, glycerol is effective in stabilizing mi-
crotubules against episodes of rapid shortening. As Fig.
6(b) shows, there is as an exponential increase in the time
between shortening events with increasing glycerol con-
centration. In terms of our simplest model, glycerol has
the effect of increasing the ratio g /s by decreasing s. Go-
ing further, we suggest that these results indicate that
glycerol reduces the rate of GTP hydrolysis which ac-
companies tubulin aggregation. It may be that hydrolysis
plays a key role in destabilizing subcritical aggregates of
tubulin, thereby limiting spontaneous assembly. These
conjectures are supported by another experiment in
which a nonhydrolyzable analog of GTP was used and
observed to enhance nucleation [14].

V. SUMMARY

We have studied the process of spontaneous nucleation
of microtubules under two extreme conditions.

First we found that in both cases the critical nucleus
involves between 10 and 14 tubulin dimers. This range is
strikingly similar to the range of microtubule
protofilament numbers observed under the electron mi-
croscope [15]. We are prompted to speculate that nu-
cleation involves wrapping an aggregate of dimers into a
closed, cylindrical form. If there is a preferred angle for
bending between dimers, the probability for closure may
depend strongly on the size of the aggregate. The low
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probability of forming large unstable aggregates will
compete with the difficulty of closing (and thus stabiliz-
ing) small ones, to favor a particular sized aggregate for
nucleation. As the quench deepens, g /s increases and
this balance will shift to larger sizes. Therefore microtu-
bules with larger numbers of protofilaments might be
more common at deeper quenches.

Experiments have shown that the microtubule
protofilament number is sensitive to buffer conditions
[16]. We suggest that different buffer conditions may
simply correspond to different quenches. This conjecture
could be tested by systematically varying the severity of
the quench (e.g., adjusting the concentration of tubulin or
glycerol), and observing the number of protofilaments in
the microtubules under the electron microscope.

Next, we found two significantly different pathways to
assembly of the critical nucleus. Near the onset of spon-
taneous nucleation, we found a constant nucleation rate
and concluded that the critical nucleus forms in a single
step. Upon quenching to conditions far beyond onset, the
nucleation rate increases with time and there exist three
or four metastable states along the path to assembly of
the critical nucleus. Finally, we have shown that the
presence of glycerol deepens the quench and is not direct-
ly responsible for the stability of subcritical aggregates.

There appears to be a transition separating one-step
nucleation from nucleation via metastable states. We
have not yet gained access to the intermediate regime.
We note that it should be possible to visualize the full
range of nucleation pathways directly under the micro-
scope if very thin ( ~1 pm) samples are used for the deep
quenches. However, the question of control over the
available tubulin concentration would have to be ad-
dressed with care.
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APPENDIX

We analyze the time dependence of microtubule nu-
cleation, limiting ourselves to early times when nearly all
tubulin is in dimer form. In principle, one can imagine
many different paths and intermediate stages by which
tubulin dimers may assemble to form microtubules. We
assume that one such path dominates entirely. We also
assume that every stage in the path is connected to the
next stage by the addition of dimers only, though not
necessarily by addition of only one dimer per stage. In
other words, we assume the rate of passage between
stages depends only on the dimer concentration (to some
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power) and not on the concentration of any small aggre-
gates. We denote the concentration of assembly products
at stage i by c¢;. Individual dimers are the zeroth stage
and their concentration is ¢;. We define n; as the number
of dimers needed to pass from stage i —1 to stage i and
denote the final stage, the critical aggregate, by i.. The
critical aggregate thus contains N=1+n,+n,+ ---
+n,-c dimers, and once it is formed a microtubule starts

to grow. With the above assumptions the assembly pro-
cess may be described by

de; — n; Pl

dt =fi—1€i—1€0' —bic;—ficicq T b 4161y

fori>0. (Al)

Here f; is the forward and b; the backward rate constant.
In the special case of i =i_, this equation must include an
additional term to account for the loss of nuclei as they
turn into microtubules. The dimer concentration ¢, can
be determined by conservation of tubulin mass. The ad-
dition of n; dimers in one step is effectively a description
of n; fast steps, in each of which a dimer is added to form
an unstable aggregate. The separation of the process into
steps i reflects a separation of the long time spent at
metastable states i and the very short time spent in any
unstable configurations between the metastable states.
Initially all of the tubulin is in dimer form: c, equals
the initial dimer concentration C, and ¢; =0 for all i >0.
At early times the occupation of subsequent states is
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minimal and decreases rapidly with size: ¢; <<¢;_; <<c,
for all i. We are therefore justified in neglecting the effect
of backward reactions and depletion (e.g., c,=C). Also
at early times, depletion of a given state i by forward re-
actions will be insignificant compared to the input from
state i —1. Thus

I+n;+ny+ -

¢, =C T o(eity (A2)

For a given path with i intermediate steps, the accumu-
lated number of nucleation seeds of critical size N will be

nucl(z) < CNe'e (A3)

Since nucleated microtubules grow at a rate proportional
to cq [2], the accumulated microtubule mass will be

i+1

M(t)cCN 1t (A4)

These are the main formulas in our analysis. They are
applicable only at early times. As time passes, depletion
becomes important and the occupation of intermediate
states saturates. This happens gradually, leading finally
to a constant microtubule mass M =lim,_, M (¢) that
depends on the initial dimer concentration C.

We note that, although the above route to nucleation
assumes that only dimers are added between steps, identi-
cal scaling exponents are obtained when we allow aggre-
gates of different sizes to merge. Such processes, howev-
er, are much less likely than one in which the abundant
tubulin dimers are used.
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