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ARTICLE INFO ABSTRACT

Keywords: The assembly/disassembly of biological macromolecules plays an important role in their biological functional-

M‘CYOF“b‘ﬂe ities. Although the dynamics of tubulin polymers and their super-assembly into microtubule structures is critical

;“blﬂm . for many cellular processes, details of their cyclical polymerization/depolymerization are not fully understood.
ysteresis

Here, we use a specially designed light scattering technique to continuously examine the effects of temperature
cycling on the process of microtubule assembly/disassembly. We observe a thermal hysteresis loop during
tubulin assembly/disassembly, consistently with earlier reports on the coexistence of tubulin and microtubules as
a phase transition. In a cyclical process, the structural hysteresis has a kinetic component that depends on the
rate of temperature change but also an intrinsic thermodynamic component that depends on the protein to-
pology, possibly related to irreversible processes. Analyzing the evolution of such thermal hysteresis loops over
successive cycles, we found that the assembly/disassembly ceases after some time, which is indicative of protein
aging leading to its inability to self-assemble after a finite number of temperature cycles. The emergence of
assembly-incompetent tubulin could have major consequences for human pathologies related to microtubules,
including aging, neurodegenerative diseases and cancer.

Dynamic light scattering

1. Introduction

Microtubules (MTs) are hollow cylindrical polymers of «, § tubulin
dimers ubiquitously found in eukaryotic cells (Fig. 1a). They are typi-
cally several micrometers long and highly rigid (Young’s modulus ~ 1
GPa, persistence length 1-10 mm) [1], which allows them to generate
force required for chromosomal segregation [2] and cell movement [3].
They also act as interconnected tracks for macromolecular transport
over intra-cellular distances [4,5]. The versatility of MT functions is
enhanced through their dynamic instability, which permits en masse
intracellular reorganization via large length changes over short periods
of time [6].

MTs elongate as randomly diffusing guanosine triphosphate (GTP)
bound tubulin dimers bind to both of its ends. Subsequently, the hy-
drolysis of GTP to guanosine diphosphate (GDP) at f tubulin takes place,
leading to the presence of a large number of GDP-bound § tubulins
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within a single MT. Periods of steady elongation are stochastically
interspersed with rapid dissociation events of tubulin dimers from the
MT-growing end referred to as ‘catastrophes’ [7-9]. Early work indi-
cated that the GTP-GDP transition within a MT could lead to the
disappearance of a stabilizing GTP-cap, the loss of which could lead to a
catastrophe [7,9-12]. However, recent experiments using advanced,
single molecule fluorescence microscopy indicate that a catastrophe
might involve a more complex, MT age-dependent cascade [13-15]. The
relationship between the age of a MT and its plus-end-taper has also
been explored [16]. However, the critical influence of MT age on the
overall ‘polymerizability’ of tubulin dimers has not yet been
investigated.

In this paper, we use a light scattering technique specifically
designed to dynamically quantify the relationship between overall MT
mass in a buffer solution containing tubulin dimers, and the number of
tubulin polymerization/depolymerization cycles the tubulin pool has
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Fig. 1. Ilustration of the tubulin-microtubule system. a Cartoon of a
microtubule and tubulin dimer (which consists of a, p tubulin monomers). b
Evolution of an isolated tubulin-microtubule system under temperature mod-
ulation. Regardless of the initial condition, the steady state of the system de-
pends on temperature. At high temperature (37 °C), most of tubulin dimers will
polymerize into microtubules (green rods), while some tubulin dimers will still
diffusive freely (purple dots). At low temperature (2 °C), due to the depoly-
merization process and dynamic instability of the microtubules, the system will
consist of a large number of free tubulin dimers, while a small portion of short
microtubules might still be present. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

been subjected to. Compared to traditional turbidity assays, this
approach permits not only to retrieve the optical density (turbidity) of a
colloidal suspension, but also to discriminate between different pop-
ulations of scattering centers based on their size and optical cross-
section [17]. In an isolated tubulin-MT system, tubulin dimers (at a
concentration of 45 uM) are first allowed to polymerize into MTs under
appropriate conditions (37 °C, 1 mM GTP). Next, depolymerization is
induced by lowering the temperature down to 2 °C (see Fig. 1b) [18].
This is followed by another cycle of polymerization involving temper-
ature increasing to 37 °C. After repeating this process several times, we
observe an interesting hysteresis behavior of the total polymerized mass,
whose properties can be attributed to the aging of tubulin dimers with
further detailed tubulin species analysis.

It is worth mentioning that a phenomenological thermodynamic
model of tubulin coexistence with MTs [19] reproduced a phase diagram
for this system and predicted the presence of thermal hysteresis, which
we experimentally demonstrate in this paper for the first time. This is
consistent with a thermodynamic representation of the system of tubulin
in solution as manifesting coexistence of two metastable phases of this
protein: dispersed (free tubulin) and polymerized (MTs). The relative
stability of each phase depends on temperature with low temperature
favoring free tubulin while high temperature gradually shifting the
balance toward MTs.

2. Materials and methods

Experimental setup. The basic principle and description of the low
coherence dynamic light scattering setup is documented in detailed
elsewhere [17,20]. Briefly, a super-luminescent diode centered at 670
nm with a coherence length of 30 pm (Superlum,
cBLMD-S-670-HP1-SM-1) serves as a light source. The light is coupled
into a 2 x 1 50/50 multimode fiber coupler and illuminated on the
sample. The fibers used in these experiments are commercially available
62.5/125 multimode fiber (Fibertronics). The reflected light, which
consists of both the Fresnel reflection from the fiber-sample interface
and backscattered light from the sample, is captured by the same fiber
coupler and directed into the photo-receiver (New Focus 2001-FC). The
signal is subsequently digitized by a data acquisition card (Data Trans-
lation, DT9832A-02-0-BNC) and processed in the frequency domain
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using a home-built MATLAB analysis tool. For the cyclical experiment,
the integration time of each power spectrum is 30 s and the frequency
range is from 1 Hz to 10 kHz, with 1 Hz resolution. The temperature
controller is a built-in unit of a commercial dynamic light scattering
instrument (Malvern Panalytical, Zetasizer Nano ZS), which is capable
of quickly tuning the temperature from 0 to 40 °C with 0.1 °C accuracy.
The power at the distal end of the fiber is lower than 2 mW such that the
heating effect is negligible.

Sample preparation. The tubulin (porcine brain, >99% pure,
T240), GTP (BST06) and BRB80 buffer (BSTO1) are purchased from
Cytoskeleton, Inc (Denvor, CO) and kept at 2 °C until used. The BRB80
buffer, which consists of 80 mM PIPES, 2 mM MgCl,, and 0.5 mM EGTA,
is prefiltered with a 0.22 pm size filter before utilized. Microtubule
cushion buffer was prepared with the BRB80 buffer and glycerol (60%
v/v). The sample was prepared mainly following the standard protocol
from Cytoskeleton, Inc. Briefly, first, one aliquot of GTP (2.5 pL, 100
mM) was added to 247.5 pL BRB80 buffer (G-PEM buffer). 180 pL G-
PEM bulffer is added to one aliquot of tubulin powder (1 mg). Finally, 20
pL of cushion buffer is added to the sample. The final sample, which has
a total volume of 200 L, consists of 45 pM Tubulin as well as 1 mM GTP.
The measurement starts immediately after the sample is prepared.

Analysis of the power spectrum. The total energy in the power
spectrum of the light intensity fluctuations originates from the dynam-
ical movement of the scattering elements. For monodisperse particles
under Brownian motion conditions, it is given by

+oo

f= / P(f)df = aNo

0

where f denotes the total energy in the light fluctuations, f represents
the frequency of the dynamic movement, P(f) is the measured power
spectrum, o is the scattering cross-section of the scattering element, and
N is the number density of dynamic elements. a is an experimental
constant. For dynamic systems slowly evolving in time, a description of
the long-term dynamics can be pursued using a generalized time-
frequency i.e. spectrogram, representation of the system’s structural
dynamics.

For systems consisting of multiple species of scattering elements, the
power spectrum of the measured intensity fluctuations can be decom-
posed into a sum of discrete representative contributions. In this paper,
we consider three such contributions and, therefore, the above equation
can be generalized as

B (f), 3 2 3 a; /7
Pn(f)f/—i—;P;(f)f; ;fﬁ(l/mz

3
with > a;(t) = 1, where a; and 7; are the relative amplitude and the
i1

characteristic relaxation time, respectively, of each Lorentzian compo-
nent used in the power spectrum decomposition. P, (f) is the normalized
measured power spectrum, and P;(f) is the power spectrum of the i-th
population. For each species, an effective diffusion coefficient can be
inferred as.

b kT 20\ (1
eﬁ‘l_37mdh.i_ ) \zi

where kg, T, v, and dj are the Boltzmann constant, the absolute tem-
perature, the (effective) viscosity of the solvent, and the hydrodynamic
size, respectively, while g = 2konsin(0 /2) is the magnitude of the scat-
tering vector, with ko = % and 0 = 7 rad.

Thus, the contribution of each population to the total intensity of the
dynamics, f, is
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where o; and N; the scattering cross-section and the number density of i-
th dynamic elements.

3. Results

Hysteresis behavior of an isolated tubulin-MT system under
assembly/disassembly through temperature modulation. We per-
formed low-coherence dynamic light scattering (LC-DLS) measurements
in a closed, in vitro tubulin-microtubule system (see Materials and
Methods for details about the measurement system). The main advan-
tage of using this technique is that one can continuously monitor both
microscopic properties (size distribution) and an effective macroscopic
property (turbidity) of the entire sample [17,21]. The initial tubulin
sample has a total volume of 200 pL, which contains tubulin dimers, GTP
and BRB80 buffer (see Materials and Methods for details about the
sample preparation). A multimode optical fiber is immersed in the
tubulin suspension (see Fig. 2a). The light reflected from the fiber-glass
interface interferes with light scattered from the medium leading to
measurable intensity fluctuations [22]. The finite coherence length
(~30 pm) of the light source limits the scattering contributions to a layer
of approximately 30 pm. This effective ‘optical isolation’ allows
continuously —monitoring the system during the polymer-
ization/depolymerization process in spite of significant changes in its
optical density. The initial temperature of the system was set at 2 °C to
prevent possible polymerization. With temperature control ranging from
2 to 37 °C, depending on the temperature of the system, MTs will un-
dergo either polymerization or depolymerization. Therefore, the state of
such a system with free and polymerized tubulin will evolve accord-
ingly. In our approach, two independent measurable quantities, the total
energy in the intensity fluctuation, and the hydrodynamic sizes of each
tubulin subpopulations, can be simultaneously retrieved as quantitative
descriptors of the state of the system (see Materials and Methods). The
total energy in the intensity fluctuations, which is denoted by B, is
proportional to the total mass of polymerized tubulin units. This
parameter is somewhat related to the so-called turbidity, a macroscopic
measure of light attenuation that is widely used to quantify the optical
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Fig. 2. Coherence-gated dynamic light scattering for tracking the MT
polymerization/depolymerization process. a Schematic depiction of the
fiber-based light scattering setup. The field E scattered from the sample within
a volume gated by the coherence length of the source (I.) interferes with the
referenced E, reflected from the fiber’s end facet. This interference leads to
measurable fluctuations of intensity. The information about the scattering
system is retrieved from the power spectral density (PSD) of these intensity
fluctuations. The PSD integral (total fluctuating energy p) defines the total
amount of polymer mass contributing to the dynamic signal. b The measured
total energy of intensity fluctuations § corresponding to a closed tubulin-MT
system that evolves along a complete temperature cycle (arrow indicates the
time evolution in the measurement). The error bars are standard deviation over
5 PSDs measured at each temperature.
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density of liquid systems at steady state.

To demonstrate the capability of our technique for resolving the state
of the polymerizing system, we first carried out a measurement on the
tubulin-MT system within one cycle, but with small temperature
gradient. In the first half cycle, starting at 2 °C, we gradually increased
the temperature with a step size of 5 °C, until it reached 37 °C. In the
second half cycle, we followed a similar procedure, but with the
decrease of temperature of the same step size until it dropped to 2 °C. At
each temperature, we allowed the system to equilibrate for 5 min before
proceeding with the dynamics measurements for a duration of 10 min (5
PSDs, 2 min for each PSD). We found that this time interval is sufficient
for the temperature to stabilize, which is also discussed in Section 1 of
the Supplementary Materials. The results are summarized in Fig. 2b,
which shows how the total polymerized mass evolves in time. In the first
half cycle, the total polymerized mass is negligible from 2 °C to 22 °C
because of the low temperature. Starting at 27 °C, the polymerized mass
starts to accumulate and it reaches the maximum value at 37 °C, which is
the optimal and typical temperature for polymerizing MTs [23].

In the second half cycle, p remains relatively constant between 37 °C
and 22 °C, which indicates that most of the tubulin dimers have been
polymerized and the system has actually reached steady-state. Note that
above 22 °C, the overall polymerization rate of the MT system is larger
than the net rate of depolymerization. Below 22 °C, depolymerization
starts to be the dominant mechanism. Therefore, the total polymerized
mass decreases rapidly and the system eventually reaches the initial
state. As can be seen in Fig. 2b, the amount of polymerized tubulin
follows a hysteresis loop in this temperature cycling experiment. We
note that a similar dependence with temperature has been observed
previously in a qualitative examination of tubulin aggregation [24].

We also emphasize that, at each temperature step, the system might
not reach its thermodynamic equilibrium for a given target temperature.
However, as clearly seen in Fig. 2b, our technique is capable of resolving
the temporal evolution of system state. Also, a hysteretic behavior of the
closed tubulin-MT system within a temperature gradient cycle is
evident. The features of such thermal hysteresis contain ample infor-
mation about the supramolecular assembly process [25]. Due to a
complicated energy landscape, the system does not react immediately to
the externally applied thermodynamic variable, which, in this case, is
ambient temperature. The transition between equilibrium states de-
pends on the difference between the energy stored and released during
the assembly/disassembly process.

In the following we address the next level questions about the
tubulin-MT system: How will the system evolve over many cycles of
temperature changes between equilibrium states of 2 °C and 37 °C? Will
this hysteresis behavior remain the same?

Hysteresis phenomenon of an isolated tubulin-MT system:
cyclical experiment. To answer the above questions, we designed a
cyclical polymerization/depolymerization experiment. Samples were
prepared following the same protocol as described above (also see Ma-
terials and Methods). Each sample was kept at 2 °C initially and then LC-
DLS measurements were performed over 9 successive polymerization/
depolymerization cycles. Each cycle is divided into two half cycles: the
temperature-raising half cycle (from 2 °C to 37 °C) and the temperature-
lowering half cycle (from 37 °C to 2 °C), respectively. Each half cycle
lasts 25 min, making up for a total of 50 min per cycle (which corre-
sponds to acquiring 100 PSDs, 30s integration time for each PSD).
Measurements are not taken during the first 5 min in each half cycle to
allow for temperature stabilization (See Supplementary Materials Sec-
tion 1). The experimental results are summarized in Fig. 3.

The time trace of the value of parameter § in the first cycle of the
measurement is shown in Fig. 3a. It is evident that polymerization oc-
curs in the first half cycle, which corresponds to the increase of p (red
line and arrow). The MTs depolymerization occurs in the second half
cycle, where the decrease of f§ is apparent (blue line and arrow). This
hysteresis phenomenon is similar to the one in Fig. 2b. The slight dif-
ference in the shape of the this hysteresis loop and the previous one can
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Fig. 3. Hysteresis analysis of an isolated
tubulin-MT system. a-b Typical hysteresis
curves for cycle 1 and 4 of the same system.
The arrows indicate the time evolution of
the temperature-raising/lowering process. ¢
Evolution of the absolute values of f at

/ steady-state for 2 °C and 37 °C, respectively,
,/‘ o during nine temperature cycles. Three
different regions can be identified for the
hysteresis cycles, which are related to the
different condition of the system (see text).
d Evolution of the thermal hysteresis area ¥

(green dots) during the cyclical measure-
ment illustrates the irreversibility of the MT
assembly/disassembly process. The black

time (mins

I ¢ 37°C
11

-h
o

2°C

curve is used for visual guiding only. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)

®

cycle number

be associated to the fact that now only two temperatures (2 °C and
37 °C) are set in the current thermal cycle. Nevertheless, similar to
previous observations, for cycle 1, p has the same value before and after
a full cycle, meaning the system returns to its initial state. We would like
to emphasize that the hysteresis behavior in Fig. 3a is not directly
comparable with the example shown Fig. 2b because the experimental
design is quite different. For Fig. 3a as well as the data shown later on,
we are concerned with the system evolution at the two stabilized tem-
peratures of 2 °C and 37 °C. The transition between these limits is more
rapid than for the cycle illustrated in Fig. 2b where the temperature
increases slowly, which makes the assembly/disassembly process to
proceed at different rates.

Surprisingly, we observed a quite different hysteresis loop compared
to the first cycle when the experiment proceeds, meaning this hysteresis
effect evolves differently during the experiment. As an example, Fig. 3b
illustrates the evolution of the same sample during the fourth cycle.
First, the area between the two curves (denoted by ¥) is much smaller
compared to one in the first cycle. This means that the change of the
total polymerized mass within one cycle has decreased. Also, f no longer
returns to its value at the beginning of the fourth cycle, which indicates
that at least some of the MTs are not completely depolymerized anymore
at the end of this cycle.

To further quantify the evolution of the hysteresis process, the value
of p measured at steady-state during the last 5 min in each half cycle are
summarized in Fig. 3c for all the cycles in the experiment. Three
different regions can be identified in the evolution of p. Cycle 1 to 3,
region I, with p increasing both at low and high temperatures corre-
sponds to a regime where MTs have been consistently polymerized (at
37 °C) and depolymerized (at 2 °C). Due to the relatively short time for
half a cycle (25 min), MTs are not completely depolymerized at 2 °C.
Therefore, we observed different values of § within region L. In region II
that covers the cycles 4 to 6, MTs are still elongating at 37 °C, since the
value of p at this temperature is much larger than f at 2 °C. However, the
absolute value of § at 37 °C is decreasing, which means that although
both polymerization and depolymerization are playing a role, the rate of
polymerization at 37 °C is lower than the depolymerization one at 2 °C.
Finally, from cycle 7 to 9, the values of f at both temperatures are rather

5 7 9
cycle number

close. The reason why p at 37 °C is slightly larger than at 2 °C is due to
the fact that the same polymer system is more dynamic at high tem-
peratures. In this region III, the polymerization is minimal, while some
depolymerization events are still taking place as not all the MTs are
depolymerized yet. In other words, at the macroscopic scale, there are
no new MTs being polymerized. The system is dominated by depoly-
merization effects, which have been consistently decreasing the values
of B in these three cycles. A similar conclusion can be inferred from
ts 45
Fig. 3d, where we plot the change of total mass ¥ = / At)dt — / A(t)dt
20 s
in each cycle. The evolution of this thermal hysteresis parameter ¥
during the cyclical measurement on an isolated tubulin-MT system
clearly illustrates the irreversibility of the MT assembly/disassembly
process.

Based on the results of these experiments, it can be concluded that
the hysteresis phenomenon in the temperature cycling of a tubulin-MT
system is not a stationary process. Instead, it highly depends on the
number of polymerization/depolymerization events that the system
experienced during the process. After several cycles, the polymeriza-
tion/depolymerization cannot be observed anymore. Next, we will
explain the reason for this observation based on further analysis of the
dynamics of light scattering measurements. In particular, it is important
to understand if the eventual inability to polymerize MTs is due to the
loss of GTP that is required for tubulin assembly or due to other reasons
such, for instance, the aging of the protein after being subjected to
thermal cycles heating and cooling.

Size distribution evolution during the cyclical experiment. As
discussed in the previous section, our LC-DLS technique allows us to
simultaneously determine an effective optical density (turbidity) and the
hydrodynamic sizes of the suspended scattering centers. Therefore, in
this section, we performed a detailed analysis of the size distribution of
the scattering elements within the tubulin-MT system and traced it over
the entire duration of the multi-cycle experiment.

Fig. 4a illustrates the principle of retrieval of hydrodynamic sizes in
our PSD measurement (the PSD at 37 °C in the first cycle is used as an
example here, while others are shown in the Supplementary Materials
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Fig. 4. Size distribution within the tubulin-MT system. a Measured PSD (black curve) decomposition into three independent Lorentzian spectra corresponding to
three different size groups corresponding to MTs, intermediate aggregates (MT sheets, tubulin oligomers, tubulin clusters, etch), and tubulin dimers. The effective
hydrodynamic size of each component is evaluated from the corresponding corner frequency. Red curve illustrates the summation over three size groups. b Evolution
of the hydrodynamic size of three populations during the multi-cycle experiment. The increase of the hydrodynamic length of MT at 2° (blue curve on top) over cycles
is evident. The error bars represents the standard deviations over 10 PSDs at equilibrium stage of each cycle. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Section 2). First, the experimentally acquired PSD (black line) is
decomposed into a collection of multiple Lorentzian functions [21].
Each Lorentzian function corresponds to a diffusion coefficient of a
group of mono-dispersed scattering elements. For the current system,
three such Lorentzian functions can properly describe the PSD (see
Materials and Methods). The first one (green dashed line), which has the
lowest corner frequency, relates to the combined translational and
longitudinal diffusion coefficient of the MTs. The one with largest corner
frequency (pink dashed line), is mainly indicative of the diffusion co-
efficient of tubulin dimers. The intermediate component, which has a
corner frequency of around 200 Hz (blue dashed line), corresponds to
scattering elements having a hydrodynamic size of approximately one
hundred nanometers. Although it is not straightforward to interpret this
length scale from a scattering measurement, literature reports indicate
the presence of intermediate tubulin aggregates of similar sizes, such as
tubulin dimer clusters, tubulin oligomers, short MTs, or even tubulin
dimer sheets [26-30]. We note that, to accurately describe an experi-
mentally measured PSD, one has to account for the specific intermediate
diffusion coefficients. In our case, the summation of these three Lor-
entzian functions (red line) describes the PSD reasonably well for the
entire duration of the experiment.

Next, the effective hydrodynamic size of each population is extracted
from the corner frequency of the corresponding PSD component. For
MTs, its hydrodynamic length can be calculated from a diffusion model
[31] as its diameter of this cylindrical structure is already known (25
nm). The results are summarized in Fig. 4b, where the cartoon on the
right-hand side indicates the element contributing to that particular size.
The value and the error bars are the mean and standard deviation of the
hydrodynamic size from the last 5 min in each half cycle, respectively.

The two curves on top denote the average hydrodynamic length of
the MTs at two different temperatures in each cycle. It is clear that at the
steady state of each cycle, the length of MTs at 37 °C is already larger
than 10 pm and no significant difference occur during all cycles. This
means that MTs are polymerized effectively at 37 °C. We note that, as
opposed to other reported data, such as, for instance, Refs. [32,33], this
effective size recovered in our experiments constitutes the average hy-
drodynamic diameter, which is different from the physical size and is
also solvent dependent. At 2 °C, MTs are initially much shorter, meaning
they depolymerize at low temperatures. However, with increasing the
number of cycles, the length of MTs keeps increasing and eventually
becomes similar to the 37 °C case. In other words, the length of MTs at
37 °C is larger than at 2 °C (for the first 5 cycles), which indicates that
the polymerization rate is higher than the depolymerization rate. For the
last 4 cycles, the length of MTs does not change, meaning both the
polymerization and depolymerization processes cease. These observa-
tions correlate with the previous analysis of § in Fig. 3c—d.

A few more interesting observations can be made regarding the two

curves corresponding to intermediate sizes. It can be seen that the size of
this contribution increases during the first five cycles and then decreases
for the last few cycles. This indicates that the immediate aggregates are
not depolymerized efficiently until closed to the end of the experiment.
Also, overall, the hydrodynamic size at 2 °C is larger than at 37 °C. This
is attributed to the additional contribution from the tubulin sheets or
stable oligomers at low temperature.

The last two curves correspond to the tubulin dimers, which main-
tain a size of approximately 9-11 nm for the entire duration. This value
is slightly larger than the actual physical size of the tubulin dimer
(5nm x 4 mm x 8 nm) [34], possibly because it also includes a
contribution from some oligomers and the rotational diffusion coeffi-
cient of the MTs [35].

Polymerization/Depolymerization rate evolution during the
cyclical experiment. Since we can distinguish the size of these three
populations of tubulin, it is also critical to determine the contribution of
each population to the overall value of p in Fig. 3c. The approach used to
this end is detailed in Materials and Methods and the results are sum-
marized in Fig. 5. In Fig. 5a—-f we illustrate the evolution of § contribu-
tions from MTs and intermediate aggregates during three representative
cycles. In each figure, the dots represent the experimental data while the
continuous lines indicate the result of a linear fitting of p with confi-
dence bounds represented by the color backgrounds. Since the process is
nonlinear for the first cycle (a similar trend is observed in traditional
turbidity assays), the polymerization processes (red) are fitted only for
data acquired during 10 min in the middle (6-15 min), while the
depolymerization process (blue) are fitted only with the data for the
initial 5 min (23-27 min). For Fig. 5a—c, it is evident that the poly-
merization and depolymerization rate of MTs (slope of the fitting line)
are both decreasing. A similar observation applies for the intermediate
aggregates, in Fig. 5d-f. Similar figures for tubulin dimers are not shown
because their contribution to the overall p is both smaller and invariant,
either within one cycle or between different cycles.

The polymerization and depolymerization rates for all three
contributing tubulin populations are calculated and shown in Fig. 5g
and h, respectively. When calculating these rates, we considered that,
due to high polymerization efficiency in the first three cycles, all the
tubulin dimers have been polymerized at the stage when the measure-
ment gives highest § (in the third cycle) [36]. The scattering
cross-sections of each population were evaluated from the correspond-
ing hydrodynamic sizes. We also considered that the polymerization and
depolymerization effect is the net result of averaging over all MTs inside
the system.

As can be seen in Fig. 5g, for the first three cycles, the MTs poly-
merization rate is approximately 0.5 pm/min while the depolymeriza-
tion rate is — 1.8 pm/min. These values change during the subsequent
cycles and tend to zero at the end of the experiment. If we considered the
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represents the fitting error of the linear regression slope.

intermediate aggregates to be ring-type, we find that their initial rates
are smaller and in the order of 0.1 pm/min and —0.2 pm/min for the
polymerization and depolymerization, respectively. These values also
gradually decrease to zero towards the end of the experiment. To the
best of our knowledge, this is the first time that the polymerization and
depolymerization rates for the intermediate tubulin aggregates are re-
ported. Notably, at cycle 4-5, both the polymerization and the depoly-
merization rates are similar for these two populations. This indicates
that the intermediate aggregate population contributes significantly to
the value of f starting with cycle 4, which is exactly what is seen in
Fig. 5b and e. Also, the rate of the intermediate aggregates are negative
from cycle 6 to 8, which is due to the disassembly of ring-type structures
[37].

The results summarized in Fig. 5 are consistent with the phase
transition shown in Fig. 3c-d. In the first three cycles, the hysteresis
curve does not change significantly. Starting from cycle 4, the inter-
mediate aggregates start to play an important role, and they do not
depolymerize as easily as the MTs. As these intermediate structures are
accumulated in the system, a smaller number of MTs would be formed
and eventually the rate of MT assembly goes down to zero (Fig. 5g).
Therefore, we can conclude that the intermediate aggregates of tubulin
are the origins of the “aging” of tubulin dimers. After several
polymerization-depolymerization cycles, the tubulin dimers can only
form “faulty” (i.e. MT assembly incompetent) structures instead of
properly structured MTs.

4. Discussion

We reported the results of assembly/disassembly of MTs from an

unpolymerized pool of tubulin subjected to cycles of temperature in-
crease to 37 °C followed by decreasing the temperature down to 2 °C.
During this cyclical process, a number of distinctive effects have been
identified for the first time. First, a pronounced hysteresis loop in terms
of polymerized mass of tubulin as a function of temperature has been
clearly seen. This is consistent with earlier observations of a phase di-
agram for tubulin and MTs [38], which was elucidated in terms of phase
transitions of the first order between free tubulin and MTs in a
Landau-Ginzburg based model [19]. It is a well-known property of
systems undergoing first order phase transitions that they are associated
with thermal hysteresis loops [39]. In contrast, second order phase
transitions only show field-induced hysteresis. The size of the hysteresis
loop in terms of the temperature range corresponds to the range of
co-existence between the two metastable phases. At the lower temper-
ature end of the loop the free tubulin phase is absolutely stable and MTs
become unstable while at the upper temperature end, the assembled
tubulin phase (MTs) is absolutely stable and free tubulin state becomes
unstable. However, this idealized picture of physical systems undergo-
ing similar phase transitions is only partially applicable in the case of
tubulin, a biological system. We have discovered the presence of an
intermediate state which is comprised of neither free tubulin nor poly-
merized MTs, but rather clusters, oligomers or sheets of tubulin which
appear to persist without either breaking down into unpolymerized
tubulin or reassembling into MTs.

Another important effect that emerged in this study is the property of
tubulin aging. Following several cycles of polymerization and depoly-
merization of tubulin, a large fraction of the protein is no longer capable
of polymerizing into MTs. This is not a result of the depletion of the pool
of GTP, since the concentration of GTP used was over 20 times greater



R. Wu et al.

than that of tubulin, hence several cycles of polymerization would not
consume more than half of the available GTP pool. Instead, we hy-
pothesize that tubulin undergoes structural deterioration making it as-
sembly incompetent, even if it binds GTP. This is also consistent with
previously reported work, including reports of age-dependent MT ca-
tastrophe effects [13,14,40] and MT end-taper as a function of age [16].
Similar conclusions were reached in a microfluidic study of MTs [41].

Our results not only implicate aging of the tubulin material in the MT
tip structure but also in the assembly process itself and point to an
inability of tubulin to form MTs after fewer than 10 cycles of assembly
and disassembly. It is not entirely clear if these effects are due to the
mechanical “wear and tear” involved in the binding and unbinding re-
actions or due to thermally-induced damage. A close examination of the
structural changes in tubulin following temperature cycling using, for
example X-ray crystallography [42], would provide direct information
about the root cause of these effects. Potential implications on human
physiology, including the origin of disease of aging, such as Alzheimer’s
and cancer, are enormous. Especially in the case of Alzheimer’s neuronal
MT damage is in clear evidence, although primarily due to hyper-
phosphorylation of microtubule associated protein (MAP) tau [43].
Nonetheless, a contributing factor to the onset of this disease could be
the decreased ability of old tubulin to form MTs.

A less direct but potentially equally important connection may exist
between tubulin aging and cancer. Aneuploidy, an unbalanced com-
plement of chromosomes, is one of the common manifestations of the
cancer phenotype in cells. There exists a direct link between aneuploidy
and abnormal MT dynamics as recently reported by Bohly et al. [44].
Since MTs form mitotic spindles in all eukaryotic cells and since cell
division occurs commonly more frequently in cancer cells than normal
cells, recycling of “old” tubulin by cancer cells may be a contributing
factor to the onset of the disease.

Finally, it must be stressed that additional studies are required to
address the issue of the morphology of the various supramolecular
tubulin structures generated in the process of thermal hysteresis. The
techniques used in the present study are not able to precisely identify the
various forms of tubulin organization.
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