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Abstract

Microtubules (MTs) are nanometer scale hollow cylindrical biological polyelectrolytes. They are
assembled from a/B-tubulin dimers, which stack to form protofilaments (PFs) with lateral
interactions between PFs resulting in the curved MT. In cells, MTs and their assemblies are
critical components in a range of functions from providing tracks for the transport of cargo to
forming the spindle structure during mitosis. Previous studies have shown that while cations with
valence equal to or larger than 3+ tend to assemble tight 3D bundles of taxol-stabilized MTs,
certain divalent cations induce relatively loose 2D bundles of different symmetry [D. J.
Needleman, et al., PNAS, 2004, 101, 16099]. Similarly, divalent cations form 2D bundles of DNA
adsorbed on cationic membranes [I. Koltover, et al., PNAS 2000, 97, 14046]. The bundling
behavior for these biological polyelectrolyte systems is qualitatively in agreement with current
theory. Here, we present results, which show that unlike the case for DNA adsorbed on cationic
membranes, bundling of taxol-stabilized MTs occurs only for certain divalent cations above a
critical ion concentration (e.g. Ca2*, Sr2*, Ba2*). Instead many divalent cations preempt the
bundling transition and depolymerize taxol-stabilized MTs at a lower counterion concentration.
Although previous cryogenic TEM has shown that, in the absence of taxol, Ca?* depolymerizes
MTs assembling in buffers containing GTP (guanosine triphosphate), our finding is surprising
given the known stabilizing effects of taxol on GDP (guanosine diphosphate)-MTs. The ion
concentration required for MT depolymerization decreases with increasing atomic number for the
divalents Mg2*, MnZ*, Co2*, and Zn?*. GdCl; (3+) is found to be extremely efficient at MT
depolymerization requiring about 1 mM, while oligolysine (2+), is observed not to depolymerize
MTs at concentrations as high as 144 mM. The surprising MT depolymerization results are
discussed in the context of divalents disrupting either lateral interactions between PFs (which are
strengthened for taxol containing B-tubulin) or interfering with taxol’s ability to induce flexibility
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at the interface between two tubulin dimers in the same PF (which has been recently suggested as
a mechanism by which taxol stabilizes MTs post-hydrolysis with the induced flexibility
counteracting the kink between GDP-tubulin dimers in a PF).

1. Introduction and background

An important goal in biological physics and biomolecular materials is to understand the
nature of interactions between biological molecules, which enable large-scale structures.!
For example, filamentous (F) actin may assemble with associated proteins into stress fibers,
which end in focal adhesion spots enabling cell adhesion, or form dynamically active
bundles inside membrane-protruding filopodia during cell crawling.23 One aspect of our
studies is motivated by the goal of understanding the intermolecular interactions between
cytoskeletal proteins of neuronal processes (axons and dendrites) leading to their distinct
hierarchical structures designed for cell functions.*>

Fig. 1 (A) shows the highly polarized structure of two interacting neurons consisting of
branched dendrites, the cell body, and a single long axon. Fig. 1 (B) shows an example of a
cryo-electron micrograph showing a view inside the cytoskeleton of the axon of a vertebrate
neuron.® In axons, neurofilaments (NFs, the intermediate filaments of neurons) form the
major cytoskeletal component and are oriented with protruding sidearms (Fig. 1 B, yellow
arrow). The sidearms non-covalently cross-link the filaments, likely through electrostatic
interactions,’2 into an extended network (Fig. 1 B, red stars). Microtubules (MTs, shown
schematically in Fig. 2A) are either found singly or in finite size bundles immersed within
the NF-network (Fig. 1 B, blue star). The current thought is that MT bundles are stabilized
by microtubule-associated-proteins (MAPSs) (Fig. 1 B, red arrow), which cross-link MTs
through non-specific (non-covalent) interactions dominated by electrostatics because of the
polyampholyte nature of the projection domains of MAPs.3

Axons are established during neuron development and maintained in mature neurons by
evolving cytoskeletal structures.1? The many functions of the cytoskeleton include, the
maintenance of stable MTs properly anchored within the NF network for transport of
organelles (e.g. vesicles containing neurotransmitter precursors) from the cell body to the
synapse for nerve cell signaling.10:11 In developing neurons, MAP tau is believed to be
important in the outgrowth of axons'2-16 and this outgrowth is known to involve dynamical
MT bundling.10:17 In mature neurons, MT bundles are also ubiquitous; however, aside from
imparting mechanical stability, their function is not understood. Thus an important question
is whether MAP tau alone is able to direct bundle assembly or whether the presence of other
biomolecules or the effects of cellular crowding are also needed in MT bundle formation.

Recent synchrotron small-angle-x-ray-scattering (SAXS) has shown that MAP tau does not
bundle taxol-stabilized MTs for tau/tubulin ratios as large as 0.5, which is above the
physiological concentrations of tau in axons.18 This is consistent with TEM images, which
primarily show single MTs (with occasional occurrences of partially open curved sheets of
MTs) for tau/tubulin as high as 0.5 when the MTs have been stabilized with taxol at a taxol/
tubulin ratio of 1/1 (Fig. 1C). MAP tau induced bundles are indeed observed for taxol-
stabilized MTs, in vitro, but only at extremely high tau/tubulin ratios of order 2 (Fig. 1D).
These results are unexpected because Hirokawa’s electron microscopy (combined with
immunostaining) suggests that MAP tau is involved in cross-bridging of MTs into bundles
in mature axons (Fig. 1 B, red arrow).6:19 However, the cell cytoskeleton is a highly
complex environment with many interacting proteins and it is important to conduct cell free
experiments to understand bundling in relatively simple in vitro systems.
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The observation of biological filament bundles (more than five decades ago) led Oosawa?°
to his well-known model of attraction between like-charged filaments in the presence of
simple counter-ions (see discussion section). Indeed, recent studies have reported on the
finding that certain counter-ions modulate interactions between bare microtubules (Fig. 2).2
Experiments show that tri-, tetra-, and penta-valent cations induce the formation of
hexagonal 3D bundles of MTs. Small sized divalent cations Ca%*, Ba2* and Sr2* were found
to induce MTs to assemble into loose 2D bundles (above concentrations of 40 mM, 60 mM,
and 60, mM, respectively). Fig. 2B depicts synchrotron small angle x-ray (SAXS) profiles of
dilute solutions of MTs (bottom profile with no cation), and mixed in with divalent BaCl,
(Ba%*), and larger counter-ions with increasing charge, spermidine (3*), spermine (4*), and
pentavalent (lysine)s (5%), above their bundling concentrations of 60 mM, 7.5 mM, 1.5 mM,
and 0.75 mM, respectively.

The SAXS data with no cation in Fig. 2B is well characterized by the form factor of a MT
(solid line) consisting of a hollow cylinder with outer radius of 12.9 nm and wall thickness
4.9 nm,18.21-23 hich is in agreement with measurements for MTs containing 13
protofilaments.24 In the presence of cations with valence 3%, 4*, and 5* the SAXS data show
well-defined peaks, which index perfectly onto a hexagonal bundle lattice. The data are well
described by a fit to a Lorentzian-squared line-shape = a/(w? +|g-G|?)? for the structure
factor (solid lines in Fig. 2B, 3*, 4*, and 5* are the product of the MT form factor and the
structure factor). For each sample a single width w fits all peaks simultaneously and gives an
accurate estimate of the bundle linear domain size L = (232t1/2)w using Warren’s
approximation close to the reciprocal lattice vectors G.2° Fig. 2 (C, D) shows TEM
micrographs of cross-sections of MTs bundled with spermine (4+) (Fig. 2C) and with Ba?*
(Fig. 2D) above their bundling concentrations of 1.5 mM and 60 mM respectively. The
bundle cross-section in Fig. 2 (C) reveals a 3D hexagonal bundle consistent with the well-
defined Bragg peaks observed in SAXS (Fig. 2B, 4+). In contrast, when MTs are bundled
with divalent cations only the 2D bundle architecture is observed (Fig. 2D), which is
similarly consistent with the broader peaks observed in SAXS of the corresponding system
(Fig. 2B, 2+).

It is important to point out that experiments involving other biological polyelectrolytes in the
presence of bundling molecules and ions also exhibit attractions and bundle formation. DNA
is known to spontaneously assemble into a multilamellar complex when mixed with cationic
liposomes.28 Such complexes are currently employed in gene delivery applications.27-30
These complexes are nearly ideal models of studying the behavior of DNA adsorbed onto a
2D cationic membranes and it was found that DNA undergoes a 2D bundling transition in
the presence of a series of divalents in an ion specific manner where the critical
concentration for bundling is observed to decrease with increasing atomic number for
MgCl,, CaCl,, MnCl,, and CoCl,.3! Filamentous actin has also been shown to undergo
bundling transitions both in the presence of divalent counterions32-3% and actin binding
proteins,36-38

The remainder of the paper is organized as follows. The next section briefly describes the
experimental procedures used in the experiments reported in this paper. The section on
Results and Discussion presents original data on the effect of a broader range of counter-
ions (including those of biological significance) on taxol-stabilized MTs, where in some
cases, MT bundling is unexpectedly found to be preempted by the onset of MT
depolymerization in an ion specific manner.
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2. Experimental

2.1. Small angle x-ray scattering experiments

Small angle x-ray scattering (SAXS) was performed at the Stanford Synchrotron Radiation
Laboratory (SSRL) beam-line BL 4-2. A 2D area detector (MarCCD, Mar USA) was used to
collect the powder scattering patterns. Sample to detector distance was set to be 2.5 m and
silver behenate was used as a standard to calibrate the wave vector g. The images were
azimuthally integrated to give scattering intensity versus g. Samples were spun down at
16,000g for half an hour and loaded in 1.5 mm quartz capillaries.

2.2. Transmission electron microscopy experiments

TEM of Fig. 1D was obtained using a JEM 1230 (JEOL) electron microscope at UCSB’s
imaging center with the electron beam set at 80 kV. TEM of Fig. 1C was obtained using a
JEM-3011HR (JEOL) electron microscope in the National Nanofab Center (NNFC) at
KAIST with the electron beam set at 300 kV. MTs (0.1 mg/ml) were loaded on formvar
coated copper grid (Ted Pella), and stained with 1 wt% uranyl acetate (Electron Microscopy
Sciences) in de-ionized water.

2.3. Tubulin and microtubule preparation

Tubulin was purified, as described.3® MAP-rich bovine brain MT protein was prepared by
two cycles of assembly and disassembly. Tubulin was purified from other MT proteins by
elution through a Whatman P-11 phosphocellulose column equilibrated in PEMsgg [50 mM
Pipes buffer (Pipes = 1,4-Piperazinediethanesulfonic acid, Piperazine-1,4-bis(2-
ethanesulfonic acid), Piperazine-N,N’-bis(2-ethanesulfonic acid)), 1 mM MgCl,, 1 mM
EGTA, 0.1 mM GTP (guanosine triphosphate)]. Purified tubulin (>99 % pure) was drop
frozen in liquid nitrogen and stored at —70 °C. MTs were assembled at 35 °C for 20 min
from 45 mM (5 mg/ml) tubulin in PEMsgq buffer (50 mM Pipes, 1 mM EGTA, 1 mM
MgCl,, pH 6.8) in the presence of 1 mM GTP and 5 wt% glycerol (with a final tubulin
concentration of 39.6 mM (4.36 mg/ml)), and then stabilized by 39.6 mM taxol (2 mM taxol
in DMSO was added in a stepwise manner). Tau was added to preassembled MTs at the
desired tau/tubulin-dimer molar ratio. The tau-MT samples used in all experiments were
prepared such that they were in buffer comprised of nearly equal volumes of PEM5q and
BRBgp (80 mM Pipes pH 6.8, 1 mM EGTA, 1 mM MgSQy,). A small volume of a 1M KClI
in PEMsgo/BRBgg buffer was added to each tau-MT mixture to achieve the desired salt
concentration.

2.4. Tau preparation and microtubule/tau binding assays

MAP tau was expressed and purified, as described.4? Tau was expressed in BL21 (DE3)
cells (Novagen, Madison, WI). Bacteria were lysed by sonication and boiled for 10 min.
Heat-stable proteins were isolated by centrifugation, bound to a phosphocellulose column
and eluted with a salt gradient (0.2 — 1.0 M NaCl). Tau-containing fractions were pooled and
further purified using reverse-phase HPLC (DeltaPak-C18; Millipore, Billerica, MA). HPLC
fractions containing tau were pooled, lyophilized, and re-suspended in BRBgq buffer with
0.1 % p-mercaptoethanol. The concentration of each tau sample was determined by SDS-
PAGE comparison with a tau mass standard, the concentration of which was established by
amino acid analysis.*!

Taxol stabilized MTs (prepared from 15 uM tubulin ) were mixed at varying molar ratios of
tau to tubulin-dimer (® = N¢ay/Ntubulin-dimer) 1ayered over an 80 pL sucrose cushion (50 %
sucrose in PEMsgg/BRBgg) in 5 x 20 mm ultraclear centrifuge tubes (Beckman Instruments,
Palo Alto, CA) and centrifuged in a Beckman Airfuge for 12 min at 150,000g at room
temperature. Supernatants and pellets were harvested and solubilized in SDS-PAGE sample
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buffer. Relative amounts of tau in the supernatants and pellets were determined by SDS-
PAGE and immunoblotting with the monoclonal antibody tau-1 and tubulin in the
supernatants and pellets by SDS-PAGE and dye bound intensity analysis.#243

3. Results and discussion

3.1. The onset of bundling of microtubules for certain divalent cations

Earlier studies had shown that CaCly, SrCl,, and BaCl, are able to induce bundling in taxol-
stabilized MTs.2! Fig. 3 shows a series of experiments with increasing concentrations of
divalent cations CaZ*, Sr2*, and Ba?* where in each system the onset of correlation peaks,
indicative of MT bundling, can be clearly seen by 50 mM for CaCl, and 70 mM for Sr2* and
BaZ* (arrows point to the first two orders of diffraction; compare to Fig. 2B, profile for 2+).
In each case the profiles with concentrations equal to or lower than 30 mM for CaCl, and 50
mM for Sr2* and Ba%* only show evidence of the MT form factor where the scattering from
individual MTs dominates the SAXS profiles (compare to the form factor profile in Fig. 2B
labeled “no cation™).

3.1.1 The role of counter-ions in modulating the interactions between MTs:
Current models—One may understand bundling of like charged polyelectrolytes in the
presence of counterions as follows. Counter-ions are expected to both suppress long-range
repulsions and enhance short-range attractions between similarly charged rods (such as
MTs) and the magnitude of these effects is dependent on the valence of the counter-ion. To
understand the effect one first considers a process known as Manning condensation, where
counter-ions with valence Z become bound to the rod backbone when the Manning
parameter M = Zlg/l, > 1, with |g = e%/ekgT = 7.1 A, the Bjerrum length in water with
dielectric constant & = 80 (Fig. 4, top).44~46 For MTs, I, = 1.95 A and M = 3.6 for Z = 1;
thus, counter-ions are expected to condense on the rod. Counter-ion condensation suppresses
the repulsive electrostatic interactions between the rods with increasing counter-ion valence
Z by reducing the effective charge per unit length to a fraction 1/(ZM) of its bare charge per
unit length.4°

Bound counter-ions are expected to lead to short-range attractions between similarly charged
polyelectrolytes if the cloud of counter-ions has a non-uniform distribution along the rod.4°
Low temperature simulations and theories predict that bound counter-ions (with counter-
ions forming a 1D Wigner lattice) on adjacent rods develop positional correlations, resulting
in a short-range exponentially decaying attractive force, with strength increasing as Z2 and
range Zb (b = size of counter-ion) (Fig. 4, bottom right).#>46 An alternative high
temperature model by Oosawa shows that counterion charge fluctuations on the rods may
become correlated leading to an effective dipole-dipole attraction for distances less than
Z2lg leading to bundling (Fig. 4, bottom left).20

3.2 For specific divalent cations depolymerization of taxol-stabilized microtubules
preempts MT bundling

Let us now turn to the results of studies, which were designed in order to understand the
interactions between MTs in the presence of a broader range of divalent ions some of which
are ubiquitous in cells. Fig. 5 shows SAXS scans for taxol-stabilized MTs as a function of
increasing divalent counterions for MgCl, (2+), MnCl;, (2+), CoCl, (2+), and ZnCl, (2+).

In comparison to what was found for divalents BaCl, (2+) and SrCL, (2+) and CaCl, (2+)
we find a complete lack of any evidence of a MT bundling correlation peak and instead the
form factor scattering dominates the SAXS profiles (compare the form factor profiles in Fig.
5 to that in Fig. 2B labeled “no cation™). The data show that taxol-stabilized MTs are stable
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over a range of concentrations for each of the four distinct divalent ions beyond which the
disappearance of the MT form factor, together with the onset of enhanced SAXS at smaller
g, is a direct indication of depolymerization of taxol-stabilized MTs. (As previous cryo-
TEM studies*’ have shown MT depolymerization involves the inside-out curling and
peeling of curved PFs (see Fig. 8, Right micrograph). These curved PFs are expected to give
rise to the observed enhanced SAXS. Further TEM studies will be needed to see whether the
curved protofilaments form other assembled structures in the presence of the counterions.)
We further find that the concentration at which depolymerization sets in is ion specific and
tends to decrease with increasing atomic number: MTs are depolymerized with 50 mM
Mn2* while stable in same concentration of Mg2*. (The behavior for Co?*and Mn?* is
similar and experiments with smaller increases in concentration steps between 20 mM and
50 mM is needed to distinguish between their respective efficiencies in MT
depolymerization.) We stress that MTs are stable in NaCl up to at least 300 mM.18 Thus, the
depolymerization effects reported in the current study, at much lower salt concentrations, are
specific to multivalent ions.

Thus, these new experiments have revealed behavior in sharp contrast and show that these
earlier observations,2 where divalent ions Ca%*, Ba2*, and Sr2* induce bundling in taxol-
stabilized MTs, are not representative of the process occurring in the presence of several
other divalent cations, some of which are cellular ions. Indeed, depolymerization of taxol-
stabilized MTs, appears to often preempt the bundling transition at a lower counterion
concentration. We note that pioneering cryogenic TEM studies, in the absence of taxol, have
shown that seconds after addition of Ca2*, to a standard MT assembly assay containing
GTP, MTs are found to show curling of PFs typical of MTs undergoing depolymerization
(see Fig. 8, Right micrograph).#” Nevertheless, as we discuss below our findings are
unexpected because the cancer chemotherapy drug taxol is known to stabilize GDP
(guanosine diphosphate)-MTs and suppress MT dynamic instability; that is, cycles of MT
polymerization followed by depolymerization. Figure 6 shows behavior for two other
divalent cations, which show opposite behavior: Gd3* trivalent ions are the most efficient
ions in this study showing depolymerization of taxol-stabilized MTs at concentrations
between 0.3 mM and 1 mM. Divalent oligolysine does not cause either MT bundling or
depolymerization up to a concentration of at least 144 mM.

Figure 7 presents an overall summary for each ion studied with a plot of the radius of MTs
over the ion concentrations (colored arrows) where SAXS profiles indicate stable MTs and,
including, the ion concentrations (color coded lines after same color arrows) beyond which
MTs have depolymerized (i.e. where the x-ray data show enhanced SAXS and no form
factor scattering). We see that the depolymerization concentration decreases in an ion
specific manner with increasing atomic number. The observation that the MT diameter
(corresponding to 13 PFs per MT) is independent of ion species over the entire
concentration range studied is notable.

To begin to understand the mechanism of divalent (and trivalent Gd3*) cation induced
depolymerization of taxol-stabilized MTs, which preempts the bundling transition observed
with Ca?*, Ba2*, and Sr2*, it is instructive to first start with a discussion of the molecular
(i.e. tubulin-based) origin of MT dynamic instability, in the absence of taxol, involving
repeated cycles of polymerization and depolymerization (see Fig. 8, Left).#8 Tubulin is a
GTPase with the p-subunit containing a nucleotide site where GTP attaches and slowly
undergoes hydrolysis.23 The protofilaments are known to have a straight conformation
when the nucleotide site is occupied by GTP (i.e. GTP-tubulin). Upon hydrolysis to GDP-
tubulin the conformation undergoes a transition to a curved state. This switch in
conformation, from straight to curved, upon GTP hydrolysis, forms the basis for dynamic
instability where MTs stochastically switch from periods of slow growth (polymerization) to
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periods of rapid shrinkage (depolymerization). The current model of dynamical
instability#847 shown schematically in Fig. 8 (Left) hypothesizes that at high concentrations
of GTP-tubulin, the dimer attaches to the growing end of the MT before hydrolysis occurs
thus forming a stable GTP-cap with a straight conformation (Fig. 8, top left). At low
concentrations of GTP-tubulin, it hydrolyses to GDP-tubulin before it attaches the growing
end; this leads to a loss of the GTP-cap and a rapid depolymerization due to the inside-out
curling of the PFs comprised of GDP-tubulin (Fig. 8, bottom left). The growing and
shrinking (via curling PFs) has also been observed directly in cryo-TEM images (Fig. 8,
middle and right panels).4’

The cancer chemotherapy drug taxol attaches to the B-subunit (from the inner lumen side of
the MT) and stabilizes MTs. It has been shown to promote MT assembly and to inhibit MT
depolymerization both in the presence of CaCl, up to 4 mM and at 4 °C.#9 Taxol has also
been shown to suppress dynamic instability (see Fig. 8, Left).%0. Taxol-stabilized GDP-PFs,
within the MT wall, are observed to maintain their straight conformation over long times.
One model, based on cryogenic electron microscopy, hypothesizes that taxol stabilizes MTs
post-hydrolysis by enhancing the lateral interactions between B-subunits in neighboring PFs.
These authors point specifically to enhanced interactions between two intrinsically
disordered sections of tubulin in adjacent dimers: the M-loop in front of taxol in one -
subunit with the H1-S2 loop in the neighboring B-subunit.152 In particular, with bound
taxol, Glu53 in the M-loop and Arg282 in the adjacent H1-S2 loop form a stable ionic bond.
A more recent molecular dynamics study also finds enhancements in the lateral PF-PF
interactions. However, a larger effect found by these authors shows that taxol enhances the
flexibility of chains near the nucleotide site of the B-subunit in the immediate vicinity of the
interface between the B-subnit and the a-subunit of the next dimer in the same PF (see Fig.
2A).53 Thus, in this alternative model, the authors hypothesize that the increased flexibility
counteracts the conformation change of tubulin dimers (from straight to curved) in PFs post-
hydrolysis, thus, maintaining the straight conformation of taxol containing GDP-tubulin
dimers in PFs.

Within the context of these two distinct models (i.e. one invoking lateral PF-PF interactions
versus another involving longitudinal interactions between dimers on the same PF) our
experimental findings of divalent cation (or trivalent Gd (3+)) induced depolymerization of
taxol-stabilized MTs suggest the following. Because of Manning condensation (see Fig. 4,
Top), multivalent cations (2+, 3+) spontaneously replace monovalent Na* as the condensing
ions (i.e. because this leads to an increase in the solution entropy with about two (or three)
Na* ions released for each condensed divalent (or trivalent)). The condensed multivalent
cations may be attracted to anionic regions at the interface between the B-subunit in one
dimer and the a-subunit above it thus neutralizing the flexibility effects of taxol with the PFs
regaining their curved conformation leading to MT depolymerization. Alternatively,
condensed multivalent cations my tend to disrupt the lateral M-loop/H1-S2-loop
interactions; for example, by disruption of the aforementioned ionic bonds (i.e. effectively
replacing Arg282 in its interactions with Glu53 on adjacent dimers). The weakening of the
lateral M-loop/H1-S2-loop interactions would then naturally lead to MT depolymerization.

Our empirical observation is that whether the cation induces MT bundling or
depolymerization appears to depend on the effective ionic radius. For example, the
depolymerizing cations Zn?*, Co?*, Mn2*, and Mg 2* all have ionic radii which fall between
0.072 nm to 0.083 nm, while the bundling ions Ca?*, Sr2*, Ba?* have larger radii of 0.100
nm, 0.118 nm and 0.135 nm respectively.>* (Gd3*, which is the most efficient at MT
depolymerization is an exception to this rule with an effective ionic radius of 0.093 nm.)
Smaller ions have a larger hydration number (i.e. they are associated with more water
molecules because of their larger electric fields) and are more resistant to giving up their
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bound water molecules compared to larger ions with smaller hydration number.5° The larger
ions Ca2*, Sr2*, Ba2* (which more readily give up their associated water molecules) appear
to tend to bundle MTs by forming stronger contact ion pairs (bonds) linking anionic units on
the surface of neighboring MTs. On the other hand the smaller ions with larger hydration
number appear to be more efficient at disrupting the lateral M-loop/H1-S2-loop interactions
or disrupting the effect of taxol in enabling flexibility at the interface between two tubulin
dimers in the same PF. It is interesting to note that for all of the multivalent ions that lead to
MT depolymerization (including Gd3*) there is a direct correlation between ion efficiency
and atomic number (with larger atomic number ions being more efficient).

Conclusion

Earlier SAXS and TEM work had shown that multivalent cations may modulate the
interactions between taxol stabilized microtubules (MTSs) leading to bundling. In this paper
we presented data, which shows that for a range of divalent cations (including the
biologically relevant divalents Mg2*, Mn2*, and Zn2*) often an entirely different process,
namely, the depolymerization of taxol-stabilized MTs, preempts the bundling transition. The
effect is found to be ion specific where the efficiency of the ion to induce depolymerization
increases with atomic number. The non-biological trivalent ion Gd3*is found to be the most
efficient with depolymerization setting in near 1 mM. While previous cryo-TEM had
discovered that Ca2* ions my induce MT depolymerization in the absence of taxol, our
findings are entirely unexpected given the known stabilizing effects of the cancer
chemotherapy drug taxol against depolymerization of GDP containing MTs. Further work is
required to elucidate the mechanism of ion induced MT depolymerization. In particular,
more detailed analysis of the SAXS lineshape to look for changes in the MT form factor,
just below the critical concentration for MT depolymerization, may yield valuable insight on
the onset of MT shape changes with the peeling of protofilaments (PFs). It would also be
interesting to use circular dichroism to monitor changes in secondary structures with
increasing salt concentrations below and above the depolymerization transition. Finally,
careful state-of-the-art cryogenic TEM is also needed to look for any distortions in MT
structure prior to depolymerization. In particular, the more challenging method of high-
resolution image reconstruction would most likely yield a better 3D real space picture of
distortions at the junction between neighboring PFs or along PFs between tubulin dimers.
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Fig. 1.

(A) Two interacting neurons with orange neuron synapsing on the body and dendrite of
purple neuron. (B) Cryo-Electron micrograph (deep-etched) of an axonal cytoskeleton in a
spinal cord vertebrate neuron. In axons, neurofilaments (NFs, red stars), are the majority
component and form oriented extended arrays surrounding microtubule (MT) bundles (blue
star) or single MTs. Cross-bridges between NFs (NF-sidearm, yellow arrow), MTs (MAP
tau, red arrow) and MT and NF-sidearms (blue arrow) are evident. In B Bar is 100 nm. (C)
TEM of taxol-stabilized MT (taxol:tubulin, 1:1) coated with MAP tau (3RS isoform)
showing lack of bundle formation even for a high tau/tubulin molar ratio of 0.5 (D) TEM of
taxol-stabilized MT (taxol:tubulin, 1:1) coated with MAP tau (4RS isoform) showing
evidence of loose bundles at a very high tau/tubulin molar ratio of 1.7. Bar in D is 100 nm.
(B) Adapted from reference 6. © N. Hirokawa,1991.
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Fig. 2.

(A) schematic of a MT with a protofilament and a dimeric alpha/beta-tubulin subunit
outlined (redrawn from reference 2). (B) A series of SAXS profiles for taxol-stabilized
microtubules with no cation (bottom) and in the presence of 115 mM BaCl, (2+), 15 mM
spermidine (3+), 5 mM spermine (4+), and 5 mM (oligolysine)s (5+). Without cations the
profile is due to the MT form factor. The SAXS for multivalent cations equal to or larger
than 3+ can be indexed on a hexagonal lattice. For divalent cations the peaks are broader
indicative of shorter positional correlation lengths. Dots are data after background
subtraction and solid lines are a model fit to the data (see text). (C and D) Plastic embedded
TEM cross-sections of microtubule bundles. (C) 3D hexagonal microtubule bundles with 10
mM spermine 4+. (D) Microtubules with 100 mM BaCl, show 2D bundles of MTs. Scale
bar =50 nm. B, C, and D Adapted with permission from reference 21. © 2004 National
Academy of Sciences, U.S.A.
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Synchrotron SAXS profiles of taxol-stabilized microtubules (MTs) as a function of
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Page 13

increasing divalent ion concentration for CaCl,, SrCl,, and BaCl,. The profiles are seen to
transition from that due to individual MTs (i.e. the MT form factor) to one showing, above a
critical concentration, clear evidence of cation induced MT bundling (arrows point to broad
diffraction peaks of bundles, compare to profile for Ba2* in Fig. 2B). (Raw data before

background subtraction; Fig. 2 (B, 2+ profile for 115 mM BaCl,) shows profile after

background subtraction.)
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(Top) Cartoon of univalent counter-ion condensation on oppositely charged rods. In
mixtures of univalent and multivalent counterions, the latter replace the former for a gain in

entropy (i.e. one multivalent cation (with valence Z) condensing on the backbone would

‘X!

+ ¥

T+

release Z univalent ions back in solution with about the same reduction in the electrostatic
energy). (Bottom) Two models of counterion induced bundling of similarly charged
polyelectrolytes. In a high temperature model (bottom, left) charge fluctuations on one rod
(i.e. producing a spontaneous dipole) induce charge fluctuations in a neighboring rod (i.e.

induced dipole) effectively leading to a dipole-dipole attraction. In a different low
temperature model (bottom, right) the counterions form a 1D Wigner—like ordering on each
rod and the correlation between rods (i.e. sliding to optimally align oppositely charged

regions) leads to a very short-range attraction.
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Fig. 5.

Synchrotron SAXS profiles of solutions of taxol-stabilized microtubules (MTs) as a function
of increasing divalent ion concentration for ZnCl, (2+), CoCl, (2+), MnCls, (2+), and MgCl,
(2+). The data show a similar trend where below a certain concentration the SAXS profiles
result from the form factor of microtubules indicative of stable MTs. At higher
concentrations the profiles show enhanced SAXS with no hint of the form factor peaks
indicative of depolymerization of taxol-stabilized MTs as discussed in the text. (Raw data
before background subtraction.)
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Fig. 6.

Synchrotron SAXS profiles of solutions of taxol-stabilized microtubules (MTs) as a function
of increasing divalent ion concentration for GdCl3 (3+), and divalent oligolysine (2+). The
profiles are typical of the MT form factor (except for data at 1 mM for Gd3*, which lacks
the form factor scattering profile). Gd3* is extremely efficient at depolymerizing taxol-
stabilized MTs at concentrations &~ 1 mM. On the other hand oligolysine (2+) shows profiles
typical of the MT form factor indicating that it neither bundles or depolymerizes MTs up to
at least 144 mM.
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Fig. 7.

Summary of ion specific effects showing the range of concentrations for different ions
below which taxol-stabilized microtubules are stable (end of colored arrows correspond to
the last SAXS profile showing the MT form factor), and, ion concentrations (indicated by
colored lines after colored arrows), beyond which taxol stabilized MTs have depolymerized.
The beginning and end of the colored lines correspond to ion concentrations at which SAXS
profiles show MT form factor scattering and enhanced SAXS indicative of MT
depolymerization, respectively. The observed trend is that the ion concentration at which
MT depolymerization sets in decreases with increasing atomic number (although finer data
points are needed to distinguish between Co?* and Mn2*). The y-axis shows that the MT
inner radius (obtained by fitting the form factor peaks in Figs. 5 and 6 to a hollow cylinder
with fixed wall thickness of 4.9 nm) does not change in the presence of all ions studied
consistent with MTs with 13 protofilaments.
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Fig. 8.

(L eft) Cartoon of MT dynamic instability showing cycling of microtubule (MT)
polymerization (in presence of high concentrations of GTP, with a straight GTP cap) and
depolymerization (in the presence of low concentrations of GTP showing curling of PFs due
to a curved conformation post hydrolysis). Cartoon adapted from reference 2. Copyright
2000 from Cell Movements: From Molecule to Matility, Second Edition by Bray.
Reproduced by permission of Garland Science/Taylor & Francis LLC. (Middle) and (Right)
showing examples of cryo-TEMs depicting MT polymerization (two middle images, with
straight conformation of PFs within the MT wall) and depolymerization (Right, with PFs
showing an inside-out curling of PFs). Middle and right images adapted with permission
from reference 47. Reference 47 also shows MT depolymerization micrographs similar to
the one seen in this image (in standard MT assembly assays containing GTP and no taxol)
either upon dilution, cooling to 4 °C, or addition of 4 mM Ca2*. © E. M. Mandelkow et al.,
1991.
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