Revealing and attenuating the electrostatic properties of tubulin and its polymers.
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Abstract

Tubulin is an electrostatically negative protein that forms cylindrical polymers termed
microtubules, which are crucial for a variety of intracellular roles. Exploiting the electrostatic
behaviour of tubulin and microtubules within functional microfluidic and optoelectronic
devices is limited due to the lack of understanding of tubulin behavior as a function of solvent
composition. This work displays the tunability of tubulin surface charge using DMSO for the

first time. Increasing the DMSO volume fractions leads to the lowering of tubulin’s negative
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surface charge, eventually causing it to become positive in solutions > 80 % DMSO. As
determined by electrophoretic mobility measurements, this change in surface charge is
directionally reversible i.e. permitting control between —1.5 cm? (V s)™! and + 0.2 cm? (V ).
When usually negative microtubules are exposed to these conditions, the positively charged
tubulin forms tubulin sheets and aggregates, as revealed by an electrophoretic transport assay.
Fluorescence-based experiments also indicate that tubulin sheets and aggregates co-localize
with negatively charged g-C3N4 sheets while microtubules do not, further verifying the
presence of a positive surface charge. This study illustrates that tubulin and its polymers, in

addition to being mechanically robust, are also electrically tunable.

Main text

Tubulin is a globular protein that forms hollow, cylindrical polymers termed microtubules,
which play a variety of intracellular roles such as providing a mechanical force for mitotic
chromosomal segregation, serving as substrates for molecular motors that drive active
macromolecular transport and working synergistically with actin filaments in neuronal growth
cones to drive neurite outgrowth and migration. [1-4] Microtubule mechanical properties
(Young’s modulus ~1 GPa; persistence length 1-10 mm [5-8]) and ability to generate forces
of up to 5 pN due to polymerization [9] are key features that enable such roles, and have led
to utilization within engineered nano- and micro-electromechanical systems (NEMS/MEMS).
In tandem with molecular motors, microtubules have been employed within high efficiency
rectifiers, [10, 11] biosensors, [12-14] direction-specific sorters and transporters, [15-18]
force-meters, [19] as nanopatterning agents, [20-22] and even for parallel nanocomputing.
[23] Interestingly, in addition to such mechanical roles, microtubule-based systems can also
exploit the highly negative charge (47 ¢) that tubulin dimers exhibit at physiological pH
values. [24, 25] This high negative charge leads to extensive counterionic condensation on the

microtubule outer surface. [26-28] Experiments have validated computational predictions that



the presence of microtubules increases solution capacitance under physiologically relevant
ionic conditions. [28, 29] When exposed to a.c. electric fields (in the kHz regime), these
condensed counterions are modelled to contribute to imaginary impedance of the system,
leading to experimentally observable frequency-specific changes in solution conductance.
[30-32] The high negative charge of tubulin also leads to a large protein dipole moment
because ~ 40% of the total negative charge is accumulated on the filamentous C-termini
‘tails’ (Figure 1a), which contributes to the dipole moment of the dimer when a counter ionic
double layer is formed around these charges. Depending on the tubulin isotype, the value of
the dimer’s dipole moment ranges between 1500 D and 3500 D. [33] Upon exposure to
electrical nanosecond pulses, C-termini tails are modelled to undergo conformational changes
that can attenuate microtubule assembly. [34] The electrical properties of tubulin enable
unprecedented control over microtubule trajectories, allowing for directed spatial migration,
[35-38] and full-circle electro-rotation [39, 40] when subjected to d.c electric fields. Crucially,
non-uniform electric fields can also sort microtubules in a mechanical stiffness-dependent
manner. [41, 42] While tunability of the mechanical properties of microtubules is well
demonstrated, tunability of electrical properties can enable the launch of several possible

applications within electrically driven tubulin-based devices.

Herein, we report tunability of tubulin surface charge through the addition of DMSO as a co-
solvent into aqueous buffer. We measure tubulin electrophoretic mobility (henceforth referred
to simply as mobility) and zeta potential (ZP), to show that dissolving tubulin in increasingly
large DMSO volume fractions can eventually result in a change in sign of the net electric
charge on tubulin. We find that surface charge on tubulin becomes positive at >80 % DMSO
(v/v) solutions. Upon investigation of tubulin polymers in these solutions, we find that
microtubules (which would otherwise be negatively surface charged in aqueous buffers at

neutral pH values) open-up to form two-dimensional sheets and aggregates, also acquiring a
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net positive charge in the process. DMSO, which enhances tubulin polymerization [43] and
oligomerization, [44] can also be used to mimic non-polar macromolecules such as lipids
within the interior of the cell membrane. While the high mechanical strength of microtubules
and their interesting electrical properties have allowed their utilization in several nanoscale
devices, unlike several other bio-nanoparticles (such as Eumelanin, DNA and cellulose), [45-
47] their utilization within OLEDs (organic light emitting diodes) and OPVs (organic
photovoltaics) has not been possible due to the prevalence of DMSO as a solvent within these
technologies, [48] Here, we present the first experimental study exploring the electrical
properties of tubulin within DMSO and DMSO-majority solutions. In so doing, we
demonstrate the utility of tubulin and its polymers within electrically-based devices. Our work
shows that tubulin polymers, in addition to being mechanically robust, are also electro-

morphologically tunable by the addition of DMSO.

To establish the mobility and ZP of tubulin in aqueous solutions, we used the two microtubule
stabilization buffers BRB80 and MESS80, in addition to a citrate-KOH buffer (C80, which
uses citric acid as a buffering agent). As expected, we measured negative values for mobility
and ZP of tubulin at neutral pH (Figure 1d, e). Of the three buffers we tested, we found the
mobility and ZP of tubulin to be highest in BRB80 (mobility = — 0.37 &+ 0.10 X 10 cm/Vs,
ZP = —4.81 + 1.31 mV), and lowest in C80 (mobility = — 1.06 + 0.10 X 10°°cm/Vs, ZP =
— 13.55 + 1.37 mV) at neutral pH. Tubulin exhibited a neutral surface charge as the pH was
lowered below 7, eventually becoming positively charged at pH <5 (Figure 1d, e; Figure S1).
To investigate the electrical environment around the tubulin dimer as a function of the pH
value, we first predicted the structure of tubulin as a function of its protonation state,
subsequently using COMSOL Multiphysics 5.5 (COMSOL Inc, Burlington, MA) to simulate
the static electric potential of tubulin (Figure 1f; Materials and Methods). Upon close

inspection of the ZP and mobility of tubulin, we found that the isoelectric point (pl) of
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dimeric tubulin was slightly above 5 in MES80 and was approximately 4.5 in C80 buffer
(Figure S1). The insolubility of PIPES (buffering agent in BRB80) at low pH values
prevented its use for tubulin pI determination in BRB80. Differences in mobility and ZP are
explained by tubulin conformational changes due to different buffering agents, causing it to
have different net surface charges in different environments. For example, tubulin dimers are
possibly non-covalently cross-linked by sulfonate groups, thus PIPES (containing two
sulfonate groups) is hypothesized to polymerize tubulin to a greater extent compared to

MESS80 (MES contains one sulfonate group). [49]

To determine how DMSO would alter tubulin’s net surface charge, we dissolved tubulin in
various DMSO volume fractions. Its mobility and ZP became less negative as the volume
fraction of DMSO was increased, finally attaining a positive value (mobility at 99.7 % DMSO
v/v=0.18 £ 0.08 cm?(V s)’!, ZP =8.91 + 4.01 mV) at >80% DMSO (Figure 1g, h). The
effective charge of tubulin in this environment was calculated to be +1.14 + 0.51 ¢, as
opposed to —4.14 £ 0.51 e in 0 % DMSO solution (calculation details displayed in Materials
and Methods). This result indicates that tubulin’s net surface charge could be attenuated by
simply adding different volume fractions of DMSO to solution. The ability of DMSO to tune
surface charge is explained by its aprotic nature and low relative permittivity, which acts to
increase the pKa value of individual residues. This result has been predicted for various
chemical species [50, 51] and has been experimentally validated for proteins such as BSA
(bovine serum albumin) and lysozyme. [52] To validate these results for tubulin, we also
measured the ZP and mobility of tubulin under increasing water (i.e. by diluting the solution)
and glycerol volume fractions as controls. Glycerol is commonly used in polymerization
‘cushion’ buffers due to its stabilizing influence on microtubules. [53] Lowering ionic
strength (altered here by increasing water volume fraction) alters microtubule growth rates,

[54, 55] increases microtubule mobility [36] and alters their mechanical properties. Glycerol
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is also used as a crowding agent to study the effect of macromolecules that occupy up to 40 %
of the intracellular volume fraction. [S6] The presence of crowding agents in vitro alters the
structure and dynamics of proteins, [57-60] for example, significantly increasing microtubule
growth and nucleation rates. [53] In the presence of 40 % glycerol, the mobility and ZP of
tubulin were found to be - 0.29 + 0.02 X 10°cm?(V s)!and 20.39 4+ 1.69 mV, respectively.
Both glycerol and DMSO have similar relative electrical permittivity values (€4mso = 46.7,
&glycerol = 42.5), which may indicate similar influence on the mobility and ZP of tubulin.
However, as the glycerol volume fraction was increased, the tubulin ZP remained unchanged
with increasing glycerol volume fractions (Figure 1h). Estimation of electrical properties in
>50 % glycerol solutions was unreliable, possibly due to the high viscosity of the solutions,
limiting the ability to compare the electrical effect of glycerol and DMSO addition to tubulin
solutions. As solution viscosity increased due glycerol addition, tubulin mobility was reduced
as expected (Figure 1g). Interestingly, the ionic strength (altered by increasing water volume
fraction) was found not to influence tubulin ZP or mobility significantly (as demonstrated by

a two-tailed t-test p-value of 0.851 on comparing 0 % and 99% water volume fraction).

To investigate if the tunability of tubulin surface by DMSO was directionally reversible, a
‘mother liquor’ solution composed of 1.13 uM tubulin dissolved in 99.9 % DMSO was
prepared (Figure 11). The addition of varying water volume fractions to 1 puL of this solution
induced a reversal to negative mobility and ZP values (Figure 1j, 1k). When the opposite
experiment was conducted, i.e. by the dilution of an aqueous mother liquor (containing
negatively surface charged tubulin) using higher DMSO volume fractions, tubulin acquired a
net positive surface charge. This experiment indicated that positively surface charged tubulin
could be induced to have a negative surface charge, and vice versa. The tunability of tubulin
remains unchanged irrespective of its solvent history, indicating the utility of tubulin as a

DMSO sensor.



We next investigated the biochemical fate of microtubules (which have a negative surface
charge), when exposed to >80 % DMSO solutions. To address this question, polymerization
of 1:15 rhodamine-labelled tubulin into microtubules was performed in BRB80 (Materials and
Methods). Microtubules were subsequently stabilized using either BRBSOT (BRB8&0
supplemented with 200 uM paclitaxel) or using >80 % DMSOT (DMSO supplemented with
200 uM paclitaxel). When solutions stabilized in BRB80OT were imaged using epi-
fluorescence microscopy, long filamentous microtubules were observed, as expected (Figure
2a). However, when solutions stabilized in >80 % DMSOT were imaged, mixtures of two-
dimensional tubulin sheets and tubulin aggregates were observed (Figure 2b). To investigate
their surface charge, two-dimensional sheets of fluorine-doped graphitic carbon nitride (g-
C3Ny; a negatively surface charged fluorophore; zeta potential = -26.8 mV) [61] were
introduced into tubulin polymer solutions. Interestingly, the g-C3N4 sheets co-localized to
tubulin sheets in >80 % DMSOT solutions, validating the presence of a positive surface
charge on tubulin (Figure 2e) under these conditions. However, microtubules in 50 %
DMSOT (Figure 2¢, 2d) and in BRB80T (Figure), being negatively surface charged, were not
found to co-localize with g-C3N4 sheets. Due to similar dimensions and the relative ease of
chemically conjugating tubulin, devices where carbon nanotubes (CNTs) and MTs work
synergistically have also been fabricated. [62, 63] Correspondingly, this work envisages the
utility of conjugating g-CsNj to tubulin by co-localization, allowing the regulation of the
electrical properties of g-C3N4 through doping with various chemical agents (including
heteroatom precursors such as NH4F, thiourea, 4-(diphenylphosphino) benzoic acid (4-
DPPBA) and phosphoric acid) and it would be possible to regulate the electrical properties of
tubulin through C-terminal cleavage or pH changes, and their furthermore their relative

proximity to each other would be controlled through the addition of DMSOT. These findings



appear to illustrate that when microtubules are exposed to >80% DMSOT, positively surface

charged two-dimensional polymers are formed (Figure 2f).

To further evaluate the sign of the tubulin polymer surface charge in >80 % DMSOT
solutions, an electrophoretic migration assay was performed. Two groups of tubulin polymers,
one in BRB8OT and the other in >80% DMSOT, were separately exposed to d.c. electric
fields between 6 and 60 V cm™! intensity using platinum contacts (Figure 3a, 3b; Materials
and Methods). Polymer migration en masse toward a specific contact was monitored using
time-lapse epifluorescence microscopy. As expected, microtubules in BRB8OT were found to
migrate toward the positively charged contact (Figure 3e, 3f; Movie S1, Movie S2).

However, tubulin polymers in >80 % DMSOT were found to behave in the opposite manner,
migrating toward the negatively charged contact, validating their net positive surface charge
(see Movie S3, Movie S4). This finding was validated further when the electric field direction

was reversed and tubulin polymers were transported in the opposite direction (Figure 3c, 3d).

Taken together, these results illustrate the interplay between the electrostatic properties of
tubulin (negative or positive surface charge) and its polymeric state (microtubules or sheets).
We started out by quantifying the mobility and ZP of tubulin in physiological conditions and
determining its isoelectric point in aqueous buffers used for microtubule polymerization. We
subsequently used a variety of assays, including electrophoretic directional transport, to
confirm a ‘flip’ in the sign of tubulin net surface charge in >80 % DMSO solutions. The
effective charge of tubulin was tuned from —4.14 e in 0 % DMSO to +1.14 ¢ in 99.7 %
DMSO solutions. To our knowledge, this work is the first demonstration of the electrical
tunability of tubulin using DMSO. By experimentally demonstrating tunability of tubulin
electrostatics in DMSO, we bring this protein one step closer to utilization within the flexible

optoelectronics industry, where DMSO is used as a solvent. Our experiments also reveal that
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alteration of the tubulin surface charge by DMSO is directionally reversible and consistent
with experimental and computational work showing that DMSO acts to increase pKa values
of chemical species. [50, 51] We further show that when microtubules composed of
negatively charged tubulin are introduced in such an environment, large sheets and
amorphous aggregates are formed. In the presence of DMSO, in addition to becoming
positively charged, tubulin also undergoes conformational changes due to solvent effects, that
cause it to stabilize sheets instead of microtubules. [43, 64, 65] Sheets have a lower inter-
protofilament curvature than microtubules, allowing for unpolymerized tubulin and
neighboring sheets to form lateral contacts, forming larger sheets. [43, 66] This effect is also
thought to take place when the solution pH is lowered. [67] The ‘sheet stabilizing’ action of
DMSO-majority solutions may be a combination of (a) the lower ionic strength of DMSO-
majority solutions and (b) the small positive charge on tubulin in these conditions, which
leads to lower shielding between tubulin dimers (which would otherwise be large due to high
electrostatic charge) allowing adjacent sheets to potentially laterally attach. DMSO has also
previously been shown to enhance tubulin polymerization due to macromolecular crowding
effects. [43] While this aspect has not been explored in the present paper, this could be an
interesting and fruitful topic for future work.

Thus, we display the ability of tubulin surface charge to regulate the equilibrium tubulin
polymer state by responding to changes in its chemical environment. In the future, evaluating
interactions between microtubules and molecular motors in this solvent would be of great
benefit in harnessing the electro-mechanical promise of these biologically-ubiquitous
nanowires. Attenuating the electrostatic properties of tubulin and microtubules will alter the
interactions of motors with these substrates very likely resulting in a new way of controlling
their processivity. The integration of the microtubule-motor complex in DMSO-water

mixtures would provide a fruitful method for tuning tubulin electrical properties, while



simultaneously modulating its polymeric state. Our work is the first critical step in this

direction.
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Figure 1. (a) The three-dimensional structure of the tubulin heterodimer, displaying the C-
terminal tails. o and 3 subunits are shown in cyan and magenta respectively. (b) A schematic
of the microtubule structure, composed of a, B tubulin dimers. (c) A schematic of a,  tubulin
sheet structure. (d) The variation of mobility as a function of solution pH value. (e) The
variation of zeta potential as a function of solution pH value. Mobility and zeta potential were
measured using commercial equipment (Malvern Zetasizer; see Supporting Information). (f) A
simulation of the electric potential around the tubulin dimer under varying ionic environments
ranging from pH 5, to pH 7, and pH 9. Simulation was performed as described using parameters
extracted from Table S1 and section S1. (g) The variation of mobility as a function of solvent
volume fraction. Volume fractions were measured in percent values, with the remainder
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consisting of MES80. (h) Graph displaying the variation of zeta potential as a function of
solvent volume fraction. (i) The experimental procedure used to create increasing and
decreasing DMSO volume fractions for probing directional reversibility. (j) Graph displaying
the variation of mobility as a function of DMSO volume fraction and dilution direction. (k)
Graph displaying the variation of zeta potential as a function of DMSO volume fraction and
dilution direction. All measurements were performed at 25 °C.
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Figure 2. (a) Microtubules (450 nM tubulin) stabilized with BRBSOT (0 % DMSOT), imaged
with an epi-fluorescence microscope using two channels: Magenta (excitation and emission
wavelengths of 535 nm and 610 nm) and Teal (excitation and emission wavelengths of 350 nm
and 460 nm). (b) Microtubules (450 nM tubulin) stabilized with 80 % DMSOT. (c)
Microtubules (450 nM tubulin) stabilized with BRBSOT (0% DMSOT), with two dimensional
sheets of G-C3N4 present. (d) Microtubules (450 nM tubulin) stabilized with 50 % DMSOT,
with two dimensional sheets of G-C3N4 present. (e¢) Microtubules (450 nM tubulin) stabilized
with 99 % DMSOT, with two dimensional sheets of G-C3N4 present. (f) Schematic displaying
the interplay between solvent conditions, tubulin surface charge and tubulin polymer
morphology. All scale bars represent 10 pm.
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Figure 3. (a) A schematic representation of the apparatus used for the electrophoretic transport
assay. (b) The electric potential values in the plane 40 nm above the glass slide. The right side
of the image displays a Pt contact pad held at 3 V (resulting in an electric field intensity of 6
V.cm™! between the contacts), while the left side displays a grounded Pt pad. (c) An exemplary
trajectory of a tubulin sheets (highlighted using a yellow box) in 98 % DMSOT, when exposed
to a 24 V.cm™ d.c electric field in the left to right direction. (d) An exemplary trajectory of a
tubulin sheets (highlighted using a blue box) in 98 % DMSOT, when exposed to a 24 V.cm'!
d.c electric field in the right to left direction. () An exemplary trajectory of a microtubule when
exposed to a 6 V.cm™! d.c electric field is in the left to right direction. The arrow indicates the
direction of microtubule transport. (f) An exemplary trajectory of a microtubule (highlighted
using a blue box) when exposed to a 6 V.cm™ d.c electric field in the right to left direction. The
yellow boxes represent cases where the electric field is in the left to right direction, while the
blue boxes represent opposite cases All scale bars represent 10 pm.
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Controlling tubulin surface charge in a directionally reversible manner using DMSO is
displayed for the first time. Mobility measurements indicate the utility of DMSO as agent to
vary the tubulin surface charge in a directionally reversible manner. Microtubules form
positively charged tubulin sheets and aggregates in such solutions, as illustrated by
Electrophoretic transport and co-localization assays.
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MATERIALS AND METHODS

S1. Simulation of electric field distribution around tubulin

A structure of a human tubulin dimer was created by homology modeling. The template
structure used was 1JFF (PMID:11700061), which is bovine tubulin stabilized with a taxol
ligand. 1JFF is considered to be a good structure for a tubulin dimer in a microtubule-like
conformation. Sequences for human tubulin were obtained from UniProt, with Q71U36 used
for alpha-tubulin and P07437 used for beta-tubulin. Sequence Q71U36 is the sequence for
alpha-tubulin gene TUBA1A, which is an alpha-tubulin isotype that is highly expressed in the
brain. Sequence P07437 is the sequence for beta-tubulin gene TUBB, which is a ubiquitously
expressed beta-tubulin isotype. The Molecular Operating Environment (MOE; Chemical
Computing Group, Montreal, Canada) was used to perform the homology modeling. The MOE
loop modeler was used to generate conformations for a missing loop of the structure (alpha-
tubulin positions 35-60), and for the C-terminals in both alpha-tubulin and beta-tubulin, which
are highly flexible disordered regions (alpha-tubulin C-terminal was defined as positions 440-
451, and beta-tubulin C-terminal was defined as positions 428-444). The best structure as
determined by MOE’s homology model scoring function was selected for further processing.
Note that in the best scoring function structure the C-terminals had a conformation with
electrostatic interactions with rest of the protein, as opposed to being extended in the solvent.
The tubulin structure thus obtained was protonated to various pH values using the ‘protonate
3D’ utility (solvent dielectric constant = 80 F m™!; protein dielectric constant =2 F m’!; salt
concentration = 0.2 M; viscosity = 0.89 x 107 Pa-s) in MOE (Molecular Operating
Environment; Chemical Computing Group, Montréal, Quebéc, Canada). The final protonated
structure was opened in VMD (Visual Molecular Dynamics, University of Illinois at Urbana-
Champaign), and rendered to determine its surface using the ‘Quicksurf” utility (grain-size = 1
unit). The resulting tubulin surface was saved and imported into SpaceClaim modeling software
(SpaceClaim Corporation, Concord, Massachusetts) as a faceted body, where a 0.1 nm shrink-
wrap is applied to produce an atomically correct solid body model. The tubulin surface is
subsequently imported into COMSOL Multiphysics (COMSOL Inc, Burlington, MA), where
the the protein is centered in a 20 nm radius spherical domain. to obtain a far-field
approximation for the electrical potential profile outside the protein surface, as a function of pH
value.

pH 5 7 9

Overall charge on heterodimer -2595- | -5486- |-75.00-e
e e

Charge on a-tubulin C-terminal | -7.38-e [-924-e¢ |-931-¢

region

Charge on f-tubulin C-terminal | -9.37-e |-11.45- |-11.54-¢

region e




Table S1. Charge distribution present on various regions of the tubulin heterodimer.

The region between the outer surface of the tubulin body and the and edge of the spherical
domain is taken to be the computational domain. An electrical ground boundary condition is
applied at the outer spherical shell, whereas the charge on the tubulin model is used as the
second boundary condition.

In the calculated charge distribution of the tubulin protein, we do not account for the surface
charge arising from the atomistic protein structure, instead we use a use a far-field
approximation. The protein is considered as a union of two regions, the first being the main
body, and the second being the ‘tail-like’ C-termini regions. The corresponding charges in these
areas are shown in Table S1. This allows us to compute the surface charge densities on each
respective region of the protein model.

vy =P /e, (Equation 1)

Finite element analysis is conducted in COMSOL to solve Poisson’s equation (Equation 1) in
the computational domain with the specified boundary conditions. Notably, the second
boundary condition changes as a function of the model’s surrounding chemical environment.
This yields the static electric potential around the tubulin protein as shown in Figure 1f. To
account for ionic screening on the electric potential as a function of distance, values of electric
potential are corrected along the x-axis Debye-Hiickel theory for ionic screening.

Ve(r) = Vi(r)e~"/*p (Equation 2)

In Equation 2, the electric potential corrected with ionic screening is represented by Vi (r),
which is a function of radial distance from the protein. The un-screened electric potential is
V;(r), and the Debye length is 4p, given by eq. 3.

Ap = \/ KsT (Equation 3)

ninizi?

In Equation 3, K is the Boltzmann constant, T is the temperature, € represents the permittivity
of the surrounding environment, n; represents the ion species concentration, and z; represents
the charge of the corresponding ion. To match with experimental parameters, € is taken to be
80€,, and T'is taken to be 298.15 K. At every pH, Mg?" and K ions are present in concentrations
of 1 mM and 160 mM respectively. H' ions are present at a concentration of 107P# M at each
pH.

S2. Tubulin reconstitution, polymerization and stabilization

Lyophilized tubulin powder (Cytoskeleton Inc, Denver, CO, USA; T240) was reconstituted and
with labelled tubulin (Cytoskeleton Inc, Denver, CO, USA; TL590M) as described previously
[29, 44]. 45.45 uM tubulin was polymerized in a 37 °C water bath for 30 minutes in BRB80 pH
6.9 supplemented with 1 mM GTP (guanosine triphosphate; Cytoskeleton Inc, Denver, CO,
USA; BST06). This step was followed by stabilization using 40 uM paclitaxel (Cytoskeleton
Inc, Denver, CO, USA; TXDO01; stock concentration 2mM).

S3. Determination of ZP and electrophoretic mobility using DLS
BRBS80 buffers contained 80 mM PIPES, 2 mM MgCl,, 0.5 mM EGTA. All MESS80 buffers
contained 80 mM MES, 2 mM MgClz, 0.5 mM EGTA. All C80 buffers contained 80 mM Citric
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acid, 2 mM MgCl,, 0.5 mM EGTA. Milli-Q water was used for all experiments. The pH value
of solutions was adjusted using KOH or HCI. All mobility and ZP measurements were
performed using a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, United
Kingdom). Measurements in various aqueous media was preformed using folded capillary Zeta
cells (DTS1070; Malvern Instruments, Malvern, United Kingdom). The Smoluchowski
approximation for a monomodal distribution of particle ZP was used to perform experiments.
Tubulin (stock concentration 45.45 uM; reconstitution described above) was diluted in buffer
(MES80, BRB80 or C80) to a final concentration of 113.6 nM for all experiments.

For measurements in increasing volume fractions of DMSO, glycerol and water, the ZEN1002
cell (Malvern Instruments, Malvern, United Kingdom) was used. The remaining volume
fraction was composed of MES80 buffer. The dynamic viscosity, refractive index and relative
permittivity used were adapted from previously published sources [68-70] and are displayed in
Table S2. All measurements were conducted at 25 °C.

Solution | DMSO | Dynamic | Refractive | Relative
or viscosity | index (n) | permittivity
Glycerol | (cP) (er)
(w/w %)

DMSO

5 % | 5.5 0.97 1.3397 78.4

DMSO

10 % | 11 1.084 1.3472 76.7

DMSO

15 % | 16.5 1.228 1.3459 75.1

DMSO

20 % | 22 1.404 1.3631 73.4

DMSO

40 % | 44 2.452 1.3977 66.7

DMSO

60 % | 66 3.658 1.4325 60.1

DMSO

80 % | 88 2.864 1.4625 534

DMSO

99 % | 108.9 1.99 1.4783 46.7

DMSO

Glycerol

5% 1.22 1.22 1.347 75.05

Glycerol

10% 1.73 1.73 1.363 71.74

Glycerol

20 % | 2.57 2.57 1.377 68.52

Glycerol

30 % | 4.05 4.05 1.391 65.33

Glycerol

40% 6.86 6.86 1.406 61.68

Glycerol

50% 12.76 12.76 1.420 57.62

Glycerol




Table S2. Table displaying the values of dynamic viscosity, refractive index and relative
permittivity input for measuring the mobility of various tubulin solutions.

To investigate if negatively charged tubulin could acquire a positive charge upon the addition
of increasingly large volume fractions of DMSO, solutions containing varying volume fractions
of DMSO to 80 pL of ‘10 x tubulin’ (13.6 uM protein concentration) in MES80 pH 7 solution
were added. The volumes for each mixture are shown in table S3.

DMSO | MES MESS80 solution
buffer | 10x tubulin
pH7
90 % DMSO | 720 uL | O uL 80 uL
80 % DMSO | 640l |80 uL | 80 pL
60 % DMSO | 480 uL | 240 pL | 80 pLL
40% DMSO 320 uL | 400 pL | 80 pL
20 % DMSO | 160 uL | 560 pL | 80 pL
10 % DMSO | 80uL [640 pL | 80 puL

Table S3. Volumes of solutions used for to investigate if negatively surface charged tubulin
may acquire a positive charge using varying volume fractions of DMSO.

To investigate if positively charged tubulin can acquire a negative surface charge, similar
experiments were performed using volumes displayed in Table S4. Importantly, the 10x tubulin
solution was prepared in 99 % DMSO as a solvent. For experimental data analysis on mobility
and ZP presented in this work, each experiment was performed in three sets of three
experiments. Analysis was performed after combining all datapoints as one long experiment.

DMSO | MES 99 % DMSO

buffer solution
pH7 10x tubulin
99 % DMSO | 720 u. | 0 uL 80 ulL

80 % DMSO | 560 uL | 160 uL | 80 uL
60 % DMSO | 400 uL | 320 uL | 80 uL
40% DMSO | 240 uL | 480 uL | 80 uL
20 % DMSO |80 uL | 640 il | 80 uL
10% DMSO |OpL | 720uL | 80 L

Table S4. Volumes of solutions used for to investigate if positively surface charged tubulin
may acquire a negative charge using varying volume fractions of DMSO.

S4. Electrophoretic transport assay and simulation of electric field

For the electrophoretic transport assay, paclitaxel supplemented DMSO (DMSOT) was
prepared by adding 5 pL of paclitaxel stock (2 mM) to 45 pL of DMSO, resulting in a final
solution containing 200 pM paclitaxel. Similarly, BRB80 containing paclitaxel solutions
(BRB80T) were prepared by adding 5 puL of paclitaxel stock to 45 pL of BRB80. To prepare a
solution of microtubules (final concentration 450 uM tubulin), 49.5 uL. of BRB80T was added
to 0.5 puL of polymerized tubulin stock. To prepare microtubules (final concentration 4.5 pM
tubulin) in 99 % DMSO, 49.5 uL of DMSOT was added to 0.5 puL of polymerized tubulin.

For the fabrication of contacts, sputtering of 10 nm Ti (as an adhesion layer) was performed
onto a rectangular glass slide (70 mm x 25 mm x 1 mm), followed by a 75 nm thick Pt layer.
The centre of the rectangular slide was covered using Kapton tape to enable the formation of
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two Pt pads extending symmetrically along the long axis from the edge to 3.3 mm from the
centre and along the entirety of the short axis (top view (Figure 3A); side view (Figure 3B)).
A borosilicate coverslip (18 mm in diameter and 0.17 mm in thickness) was placed atop 2 pL
of 450 nM tubulin polymer solution on the gap between the pads in the centre of the slide. A
d.c power source was used to source this voltage. Electrophoretic flow direction was monitored
using an epifluorescence microscope, using an exposure time of 100 ms, taking snapshots every
5 s for 3 minutes (Movie S1, S2, S3 and S4). During experiments, we observed that
microtubules and two-dimensional tubulin polymers stuck on the surface of glass did not
undergo electrophoresis even under the influence of electric fields > 24 V.cm™'. Thus, tubulin
polymers that were not stuck to the glass slide were evaluated. Cleaning of the slides after
experimentation was performed with acetone and methanol rinsing, followed by five minutes
exposure to oxygen plasma (Oxford Instruments, Abingdon, UK; NGP80) to remove inorganic
impurities from the slide surface.

S5. Simulation of electric fields generated by Pt contacts for electrophoretic transport
assay

The slide was simulated using the Electrostatics Module in COMSOL Multiphysics 5.5 as being
at the centre of a sphere of air 1 m in radius. The Ti and Pt layers were computationally
fabricated using the Layered Material function. The outer boundary of this sphere was specified
to be ground. The surface of one of the sputtered layers of the slide was also specified to be 0
V, while the potential on the surface of the other sputtered layer was set to 3 V. The stationary
state electric potential through the sphere was subsequently simulated.

S5. G-C3N4 and tubulin sheet co-localization fluorescence imaging

Stock G-C3Nj4 solution in water or DMSO was prepared by mixing 0.026 g of G-C3N4 powder
[71,72] in 5 mL water and DMSO. To investigate co-localization between G-C3N4 and tubulin-
polymers in 99 % DMSO solutions, 0.5 pL of tubulin stock solution (Section S2) was added to
20 pL of DMSOT. This was followed by the addition of 30 puL of G-C3N4 solution. The 50 %
DMSOT solution was prepared by adding 30 pL of G-C3N4 solution prepared in water and 19.5
puL of DMSOT to 2 uL of polymerized Rhodamine-labelled tubulin stock solution. The 0 %
DMSO solution was prepared by adding 30 pL of G-C3N4 solution prepared in water and 19.5
pL of BRBSOT to 2 uL of 45.45 uM polymerized Rhodamine-labelled tubulin stock solution.
G-C3N3 solutions were sonicated in a water bath for 30 minutes before adding to tubulin
solutions.

S6. Calculation of effective charge of tubulin in DMSO containing solutions
To determine the effective charge of tubulin from ZP values, tubulin was approximated as a
charged sphere. Thus, the potential was determined using Equation 4 below:

Q

4ATEYEy

ZP =

(Equation 4)

Here, Q is the effective charge of tubulin, while ZP represents zeta potential. gyand &,.are the
permittivity of free space and relative permittivity. In the case of 99 % DMSO solutions, the
value ¢, of was assumed to be 46.7, in accordance with values shown in Table S2. In the 0 %
DMSO solution case, the value of &, was assumed to be 78.2.

DYNAMIC LIGHT SCATTERING

To ensure that we had no initial aggregates in these ‘starting point’ solutions, we measured the
hydrodynamic diameter of tubulin (1.13 uM) using DLS (Dynamic Light Scattering). As
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expected, we found that the hydrodynamic diameter was 6.14 £ 1.97 nm as shown in Figure
S2a. This result is consistent with values expected for unpolymerized tubulin, already reported
by us in a previous publication [44]. After polymerization into microtubules, our work reports
observations on solutions diluted with either (a) MES80T pH 7 (containing 0% DMSO), which
led to the continued stabilization of negatively charged microtubules, or (b) 80 % DMSOT
(20% MESR8O0T), which led to the stabilization of positively charged sheets and aggregates. To
compare the size distribution of tubulin polymorphs in both cases, we performed DLS on both
dilutions (Figure S2b). These results showed different size distribution peaks, indicating
differing polymorphic size distributions. Our results are consistent with microscopy-based data
that indicate the transition of a different polymeric forms of tubulin when it becomes positively
charged. Additionally, due to the positive charge of tubulin at MES80 pH 5, we also performed
DLS measurements on microtubules diluted in MES80 pH 5. We found that that the size
distribution matched that of 80 % DMSO, consistent with a polymorphic transition from
microtubules to sheets at low pH values. The noise in Figure S2b is due to Mie scattering, that
takes place due to large particles such as microtubules (> 1 um) which can be several
micrometers long in our preparations.
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Figure S1. Graphs displaying the variation of (a) mobility and (b) zeta potential as a function
of solution pH value for C80 and MES80 buffers. The isoelectric point (pI) of tubulin is
approximately 4.6 in C80 and 5 in MESS0.
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Figure S2. (a) DLS size distribution profiles of unpolymerized 1.13 um tubulin dissolved in
MESSOT pH 7. (b) DLS size distribution profiles of polymerized 1.13 pm tubulin diluted in
MESSOT pH 7, compared to MESS0T pH 5 and 80% DMSOT solutions. Error bars represent
standard deviation values achieved from n = 5 measurements. The two-tailed t-test p-value of
0.0068 on comparing data from MES pH 5 and MES pH 7 shows that the difference between
the two number distributions is significant. Additionally, the identical test resulted in a value of
0.0081 on comparing data from MES pH 7 and MES pH 7 with 80 % DMSO shows that the
difference between the two number distributions is also significant.

SUPPLEMENTARY MOVIES

Movie S1. Movie displaying the electrophoretic transport of 4.5 pM microtubules in BRB80T,
using no exposure (in frames 1-21), a 6 V.cm™! exposure (positive contact and negative contacts
on the left and right side respectively; in frames 22-41) and a 6 V.cm™' exposure in the reverse

direction (positive contact and negative contacts on the right and left side respectively; in frames
42-61).

Movie S2. Movie displaying the electrophoretic transport of 4.5 pM microtubules in BRB80T,
using no exposure (in frames 1-21), a 6 V.cm™! exposure (positive contact and negative contacts
on the left and right side respectively; in frames 22-41) and a 6 V.cm™ exposure in the reverse
direction (positive contact and negative contacts on the right and left side respectively; in frames
42-61). All conditions are identical to Movie S1.

Movie S3. Movie displaying the electrophoretic transport of 4.5 uM tubulin polymers and
aggregates in 80 % DMSOT, using no exposure (in frames 1-21), a 6 V.cm'! exposure (positive
contact and negative contacts on the left and right side respectively; in frames 22-41) and a 6
V.cm™! exposure in the reverse direction (positive contact and negative contacts on the right and
left side respectively; in frames 42-61).

Movie S4. Movie displaying the electrophoretic transport of 4.5 pM microtubules in 80 %
DMSOT, using no exposure (in frames 1-21), a 60 V.cm™ exposure (positive contact and
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negative contacts on the left and right side respectively; in frames 22-41) and a 60 V.cm™!
exposure in the reverse direction (positive contact and negative contacts on the right and left
side respectively; in frames 42-61).



