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Microtubules are dynamic filaments that assemble spindles for eukaryotic cell
division. As the concentration profiles of soluble tubulin and regulatory pro-
teins are non-uniform during spindle assembly, we asked if diffusiophoresis -
motion of particles under solute gradients - can act as a motorless transport
mechanism for microtubules. We identify the migration of stable microtubules
along cytoplasmic and higher concentration gradients of soluble tubulin,
MgCl,, Mg-ATP, Mg-GTP, and RanGTP at speeds O(100) nm/s, validating the
diffusiophoresis hypothesis. Using two buffers (BRB80 and CSF-XB), micro-
tubule behavior under MgCl, gradients is compared with negatively charged
particles and analyzed with a multi-ion diffusiophoresis and diffusioosmosis
model. Microtubule diffusiophoresis under gradients of tubulin and RanGTP is
also compared with the charged particles and analyzed with a non-electrolyte

diffusiophoresis model. Further, we find that tubulin and RanGTP display
concentration dependent cross-diffusion that influences microtubule diffu-
siophoresis. Finally, using Xenopus laevis egg extract, we show that diffusio-
phoretic transport occurs in an active cytoplasmic environment.

The non-uniform and out-of-equilibrium nature of the intracellular
environment is of interest among various fields of science. In parti-
cular, the question of motorless transport following concentration
gradients of smaller species has been raised often by the
biocommunities'”. In colloid science, the spontaneous movement of
particles along solute gradients is called diffusiophoresis. Although it
sounds like the independent motion of point-like particles, the phe-
nomenon is in fact driven at the nanoscale by the movement of liquid
adjacent to the particle surface. After its discovery (1947)° and intro-
duction to a broader community (1980-90s)’ ™, diffusiophoresis has
been suggested occasionally as an intracellular transport mechanism'’
(e.g., for membrane cargos under MinDE protein gradients'® and for
chemically active and passive liquid condensates”). However, due to
the complexity of the phenomenon and difference in the scales of
interest among disciplines, the possibility of diffusiophoresis in the
cytoplasm has not been directly proven. The complex cytoplasmic
environment itself is also a hurdle for initiating such an investigation.

In order to determine whether there is intracellular diffusiophoresis, it
is essential to identify an overlapping regime where both theoretical
and experimental approaches to diffusiophoresis, utilizing realistic
biological parameters, are applicable. Therefore, we chose the well-
known scene of spindle assembly as the motivation for the cur-
rent study.

Spindle assembly is a core element of cell division in eukaryotic
cells, where microtubules (MTs) form both mitotic and meiotic spin-
dles during the cell cycle. Spindle MTs are formed by tubulin dimers
polymerizing into hollow cylindrical structures with an outer diameter
of 25 nm and a length of O(1-10) um?*?. In order to build MTs, there is
accumulation of soluble tubulin above a critical concentration near
certain nucleation sites, e.g., centrosomes during mitosis?>* or branch
sites”. Upon nucleation, MTs in spindles can grow and shrink, while
also being transported throughout the spindle’*”. Besides tubulin,
other macromolecules are also non-uniformly distributed during
spindle assembly****, Perhaps best characterized for its gradient is
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Ran (Ras-related nuclear protein), which is loaded with GTP at chro-
mosomes to become active, a state in which it releases spindle
assembly factors (SAFs) from importins. Away from chromosomes,
RanGTP activates RanGAP to hydrolyze GTP. As a result, active Ran and
its downstream SAFs exist in a gradient around chromosomes®,
While it is now well known that tubulin accumulation at MT organizing
centers is directly relevant for MT nucleation, and that the RanGTP
gradient leads to a gradient of released SAFs that facilitates spindle
assembly, it has not been explored whether these non-uniform dis-
tributions can have a direct effect on the movement of MTs, i.e., by
contrast with movement by molecular motors.

Chemical gradients are known to influence colloidal transport
processes widely, e.g., chemotaxis, isotachophoresis, diffusiophoresis,
osmophoresis, etc.***, In particular, diffusiophoresis is a physico-
chemical hydrodynamic phenomenon driven by the osmotic pressure
gradient and the corresponding slip flow generated at an interaction
length scale along a surface®%!0121315164244-46 Therefore, in order to
identify a certain transport process as diffusiophoresis, integrated
analyses of the coupled movements of background solutes, particles,
and the surrounding fluid are necessary. In studies in colloid science,
diffusiophoresis is widely investigated for micron-sized particles, as
the typical diffusiophoretic mobility along a salt (e.g., NaCl) gradient is
about a thousand times larger than the particles’ Stokes-Einstein
diffusivity*>*’~*°. As a number of gradients exist in the spindle and
given the size of MTs being O(1-10) pm, it is critical to investigate
whether diffusiophoresis can be present during spindle assembly.

Within the past decade, various particles’®**~*° and solutes'®*°-¢*
have been demonstrated for diffusiophoresis. In particular, diffusio-
phoresis of biological particles has been of interest due to the ubiquity
of solute gradients in biological systems. Under laboratory conditions,
it has been visualized that cells***%%, DNA®, vesicles®, and
proteins®*>® can undergo diffusiophoresis. Also, using the E. coli
MinDE system as a model, it has been demonstrated that protein
gradients can drive diffusiophoretic transport of cargos on biological
membranes®®, On the other hand, it has been suggested with
numerical calculations that diffusiophoresis could be present in
cells"”" or influence pattern formation in biosystems®’. To the best of
our knowledge, there has not been any direct comparison between
experiments and theory that quantitatively assessed diffusiophoresis
of cytoplasmic particles (or macromolecules) under cytoplasmic
solute gradients.

In this article, we identify and document the diffusiophoretic
behavior of stable MTs (so-called MT seeds). By comparing the
microfluidic experiments with the models considering both electro-
lyte- and non-electrolyte-driven diffusiophoresis, we suggest that dif-
fusiophoresis is a non-equilibrium, passive transport mechanism for
MTs, with applications for spindle assembly and other intracellular
migration. For systematic validation, MT interactions with all species in
the system are quantified, and we show that diffusiophoresis can occur
in an active cytoplasmic environment (Xenopus laevis egg extract).

Results and discussion

Microtubules migrate along a micromolar concentration gra-
dients of tubulin

We use a microfluidic channel with a dead-end pore geometry (Fig. 1a)
to create a one-dimensional (1D) concentration gradient of solutes and
observe the response of stabilized MTs (<10 pum). Dead-end pores are
first filled with a buffer (BRB8O or CSF-XB; see Methods for details),
then followed by an air bubble. MTs, which are suspended in the
matching buffer with various concentrations of soluble tubulin, are
flowed into the main channel and connected to the liquid in the pores.
All MTs used in this study are tagged with Alexa Fluor 568. Soluble
tubulin used to create the concentration gradient is untagged and does
not contribute to MT polymerization, as there is no GTP or GTP-analog
in the final buffer (see Methods for details). We observe that MTs move

into the dead-end pores, down the tubulin gradient (Fig. 1b, ¢ and
Fig. E1; see SI). Considering the size of the MTs (25 nm in diameter and
<10 pm in length), we can rule out-diffusion (O(10™) m?/s) as the cause
of entrainment.

Several aspects of MT entrainment are noteworthy. First, MTs
move into the pores at typical speeds of 0.1-0.4 um/s, which depend
on the tubulin concentration. Second, the entrainment behavior
changes when a different buffer is used. Third, the entrainment front is
not a flat boundary but instead has a parabolic shape, which indicates
that the speed of MTs is not uniform across the pore. From these
observations, we reach a qualitative conclusion that the tubulin-
gradient-driven transport of MTs is diffusiophoresis, and the non-
uniform entrainment front is due to the diffusioosmotically induced
liquid flow®* 7 along the boundaries of the pores. The liquid flow
velocity (vp) induced by the wall diffusioosmosis (vs) reflects the geo-
metry of the pores (Fig. 1d, eqn. (S1)), and thus the rescaled velocity
profile (us/vs) can be plotted versus the cross-sectional axis (Fig. 1d).
The entrainment front corresponds to the fastest MTs following
vHz=0), and, for pores with width and height, respectively,
w=100pm and h=50pum, we find v(z=0)=0 at y=+39.9 um
(Fig. 1d(ii)). This means that in all of our experiments, the MT speed has
only the phoretic component along y =40 pm, and thus we plot the
front distance along y=40 pm versus time to quantify the tubulin-
driven diffusiophoresis of MTs (Fig. 1e, f). In both BRB8O and CSF-XB
solutions, MTs move further into the pores under a larger tubulin
concentration gradient.

These findings pose the following questions. How is protein-
driven diffusiophoresis possible in a buffer environment? Specifically,
we are not aware of any previous study that recognized MTs could
even undergo diffusiophoresis. Moreover, in contrast to electrolyte
solutions, studies of non-electrolyte-driven diffusiophoresis are few in
number. To characterize this phenomenon, we next perform a step-by-
step approach to establish the mechanism of MT transport by
diffusiophoresis.

MgCl,-driven diffusiophoresis of microtubules

In order to understand how MTs can undergo diffusiophoresis when
interacting with simple ions and buffering agents, we studied MTs and
carboxylate-modified polystyrene (c-PS; diameter d =1 um) particles in
MgCl, gradients in BRB8O buffer. In our experiments, we investigate
electrolyte-driven diffusiophoresis systematically by comparing the
experiments with a model of multi-ion diffusiophoresis and diffu-
sioosmosis. Both MTs and c-PS particles have a negative surface
potential””* (see SI), and the direction of transport depends on the
diffusivity difference factor f= -5:=2--, where D,, D_and z,, z- are,
respectively, the diffusion coefficients and valences of cations and
anions’. For MgCl,, B=-0.385 from which it follows that negatively
charged particles always migrate up the gradient of MgCl,. Thus, we
predict that the direction of MT migration is towards higher con-
centrations of MgCl,.

We set up the MgCl, experiments by initially filling the pores
with a solution of BRB80 and MgCl, (Fig. 2a). BRB8O buffer contains
1mM of MgCl,, and thus the gradient is established by fixing the
MgCl, concentration in the pores at 10, 25, 50, 75, and 100 mM. As
the stream of MTs (or c-PS particles) connects with the liquid in the
pores, MTs (or c-PS) start to move into the pores by diffusiophoresis
(Fig. 2b-d). We observed that the behavior of MTs (Fig. 2b) is ana-
logous to that of c-PS particles (Fig. 2d), yet there can be a question
about the orientation of MTs. The MT suspension is dilute and MTs
are much smaller than the pores (see SI for MT characterization).
Also, the MTs experience rotation by Brownian motion and the non-
uniform flow velocity inside the pores. Consequently, we expect no
preferred orientation of MTs outside the wall region, as shown in
higher magnification images (Fig. 2c) and the corresponding movie
(Supplementary Movie 1). The squared entrainment distance (along
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Fig. 1| Concentration dependent migration of microtubules (MTs) under var-
ious gradients of soluble tubulin. a(i) Schematic of experimental setup with a
microfluidic dead-end pore geometry. The dimensions of the main channel and
dead-end pores are, respectively, W=750 um, H=150 pm and L =5 cm; w =100 pm,
h=50 pm and £=1mm. a(ii) A pore image at ¢ = 0 (immediately after the two liquids
merged) for the experimental condition with BRB80 and 10 uM tubulin gradient.
MTs migrating under a range of tubulin gradients in (b) BRB80 and (c) CSF-XB
buffers. Time sequence of the images for 5 uM tubulin gradient is included in Fig. E1
(see SI). b, ¢ The tubulin gradient not only drives migration of MTs (diffusiophor-
esis), but also generates a slip flow along the pore walls (diffusioosmosis), inducing
liquid flow inside the pore. The local flow velocity at different cross-sectional

positions makes the MTs move at different speeds along the x-axis, making the
entrainment front a parabolic shape. d The flow velocity (rescaled by the slip
velocity; vr/vs) is plotted versus y, for different z positions. We consider vr (z=0)
when analyzing the front trajectories. For the pores with w =100 pm and £ =50 pm,
vz=0)=0 at y=+39.9 um. Therefore, the measured front trajectories along
=40 pum can be assumed only the tubulin-driven migration of MTs. The average
entrainment distances measured along y =40 pm are plotted versus time for (e)
BRB8O (n=16 pores) and (f) CSF-XB (n =23 pores), for different tubulin con-
centration gradients. All error bars indicate standard deviation (SD). Scale bars
are 50 pm.

y =40 pm) linearly increases with time (Fig. 2e), showing the diffu-
sive nature of diffusiophoresis.

For quantitative analysis, we considered multi-ion diffusiophor-
esis and diffusioosmosis so that two-dimensional (2D) experimental
data can be directly compared with 1D calculations. The influence of
background ions is significant (Fig. S1), and thus consideration of all
ions in the electrokinetic modeling is necessary. For the combination
of negatively charged particles and MgCl, gradients, both the elec-
trophoretic and chemiphoretic contributions to diffusiophoresis are in
the direction of the positive MgCl, gradient (Fig. 2b). Channel walls are
also negatively charged”, and diffusioosmotic flow is generated in the
-x direction. The sum of the diffusiophoretic and local flow velocities is
the advective velocity of each MT (Fig. S2).

The multi-ion model considers coupled diffusion of all species (K",
PIPES™, PIPES", Mg?, and CI'; see Sl for details) in the system. The 1D
transport of ions of species i of concentration c(x, t) is described with
the Nernst-Planck equation (the x axis is defined from the pore inlet),
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denoting Ryt as the outer radius of an MT, then Ap/Ryt = 0.07 < 1. This
condition allows us to use the diffusiophoretic velocity upp derived
with the assumption of a thin electrical double layer’,
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where {, is the zeta potential of MTs (or c-PS). upp is independent of
particle shape. For the walls with a zeta potential {,, the diffu-
sioosmotic velocity is vs=-upp((,) (SI; eqn. (S9)).
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Fig. 2 | Entrainment of microtubules (MTs) and carboxylate-modified poly-
styrene (c-PS) particles in dead-end pores under various concentration gra-
dients of MgCl,: Multi-ion diffusiophoresis (DP) and diffusioosmosis (DO) in
dead-end pores. a Schematic of the MgCl, experiments. b Pore images obtained at
300 s for MTs under different MgCl, gradients. In BRB8O buffer, the entrainment of
MTs depends on the MgCl, concentration. ¢ Images obtained at higher magnifi-
cation show that the migrating MTs do not have a preferred orientation. d Images
of c-PS particles under the same MgCl, gradients. The MT entrainment and c-PS
diffusiophoresis under MgCl, gradients are analogous, and thus we use a multi-ion
DP and DO model to analyze both systems. e The squared entrainment distances of
MTs along y =40 um are plotted versus time for different MgCl, concentration
gradients. The squared distances are linearly increasing in time, with the slopes
indicating the diffusivities of MTs under various conditions. For the no gradient
case, the obtained mobility is a combined result of diffusion and flow-driven

penetration of particles at the pore inlet’. f The trajectories of MT entrainment
front are plotted versus nondimensional time (t = tDyg/¢) for five y-positions.

g From the multi-ion DP and DO model, the MT entrainment front is predicted by
using the zeta potentials of MTs ({,) and pore walls ({,) as fitting parameters. Least
squares fit is applied for 25 data points (five y-positions and five T points) with

Z,, f,,, = +0.005. The comparison between MT experiments and model calcula-
tions is shown for MgCl, 25 mM. See Fig. S3 for the comparison for all MgCl,
concentrations (MT). See Fig. S4 for the comparison for c-PS particles in BRB80. See
Fig. S6 for the data obtained from CSF-XB and the corresponding model calcula-
tions. We used a constant zeta potential assumption, and the experimental data are
obtained for y=0, 10, 20, 30, and 40 pum and plotted symmetrically in y. Fitting
parameters are listed in Table S1. e-g All data are presented as mean +SD (n=25
pores). Scale bars are, respectively, (b, d) 50 um and (c) 10 pm.

for 25 data points, corresponding to five y-positions and five time points,
with ,,{,,=+0.005 (here {,={,e/kyT and {,={,e/kgT are the
nondimensional zeta potentials, and thus with {,, {,=+0.1mV). In
Fig. 2g, we show the experimental results and comparison with the
model for 25 mM MgCl,. The fitting parameters are {,=-35.5mV and
{u»=-7.2mV. The zeta potential of MTs obtained from our calculations is
consistent with a few previously reported values measured
electrophoretically”’? and calculated theoretically” under similar ionic
strength conditions. The wall zeta potential for PDMS (poly-
dimethylsyloxane) being —O(1) mV at O(100) mM of background ionic
strength is also consistent with the reported range”. Comparison
between experiments and the model for all MgCl, concentrations is
included in the SI (Fig. S3). We also compared the measurements and
calculations for c-PS particles, and the results are included in the SI
(Fig. S4). See SI for the data from CSF-XB (Fig. S6). All zeta potential
values are listed in Table SI.

From this analysis, we not only estimate the zeta potential of MTs
in buffers, but also confirm that the entrainment behavior into a pore is
MgCl,-driven diffusiophoresis. MTs and c-PS particles can undergo
diffusiophoresis in electrolyte gradients due to their negative surface

potential. Next, we further examine the behavior of MTs using Mg-ATP
and Mg-GTP salts in CSF-XB.

Mg-ATP- and Mg-GTP-driven diffusiophoresis of MTs

We have confirmed experimentally that both Mg-ATP and Mg-GTP
gradients induce diffusiophoresis of MTs (Fig. 3 and Fig. E2; see SI). In
the presence of Mg*, ATP, and GTP predominantly exist as the Mg-
complex form both in the cytoplasm and in buffers (binding
constant ~10* M?)”7®, Considering the binding constant and the pre-
dominance of the 1:1 complex at pH >7777%° we assume that the dis-
solution of Mg- salts results in the same concentrations of Mg-ATP and
Mg-GTP complexes. Since the main source of a concentration gradient
is the Mg-complex (not the separate Mg, ATP*, and GTP*"), we can-
not use the diffusivity difference factor §f to examine the directionality
of Mg-ATP- and Mg-GTP-driven diffusiophoresis. Therefore, the
directionality of the MT migration is checked experimentally using the
compaction (Fig. 3; negative gradients into the pore) and entrainment
(Fig. S7; positive gradients into the pore) configurations. In the com-
paction configuration, a finite amount of MTs is initially located in the
pore, and the solute gradients induce MT migration toward the
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Fig. 3 | Diffusiophoresis of MTs under ATP and GTP gradients in CSF-XB.
aSchematic of the compaction configuration. We used Mg-ATP and Mg-GTP salts to
demonstrate ATP- and GTP-driven diffusiophoresis. MT migration follows the
negative concentration gradients of Mg-ATP and Mg-GTP complexes. The com-
paction configuration is chosen to ensure that MTs and Mg-ATP (or Mg-GTP)
contact with each other at ¢ = 0. b MT compaction images obtained at ¢t = 600 s for
different Mg-ATP concentration gradients. Compaction distances of MTs are
plotted versus time for different (c) Mg-ATP and (d) Mg-GTP concentrations. The
images of Mg-GTP experiments are included in Fig. E2 (see SI). All data are pre-
sented as mean + SD (n =15 pores).

dead-end of the pores. This configuration is chosen to ensure that the
Mg- complexes and MTs are only in contact with each other for ¢>0
(see Sl and Methods for details), and the compaction profiles as well as
the experimental images are shown in Fig. 3b-d and Fig. E2 (see SI).
Millimolar concentrations of both Mg-ATP and Mg-GTP complexes
drive the motion of MTs along the negative gradients at speeds of
0(0.1) pm/s. Similar response of MTs to Mg-ATP and Mg-GTP gradients
is expected from the structural similarity between ATP and GTP.

In a recent study'®, an indirect ATP-driven diffusiophoresis is
reported for the pattern formation of membrane cargos. ATP is con-
sumed to induce self-organization of MinDE proteins, which further
drives the directed motion of cargos. Also, a theoretical study" sug-
gests the possibility of ATP-driven diffusiophoresis in cells. Our mea-
surements for the speed of Mg-ATP-driven diffusiophoresis are
consistent with the theoretically estimated values”, and thus our
experiments confirm the possibility of the ATP-driven diffusiophoretic
mechanism for MTs. When considering ATP or GTP in biological con-
texts, hydrolysis of ATP and GTP is important to discuss. Another
recent article® studied the influence of ATP hydrolysis on the phoretic
behavior of synthetic colloids (catalytic microbeads). A similar
mechanism might apply to MT diffusiophoresis in the presence of
ATP/GTP hydrolysis, but this requires separate investigation to identify
the coupled interactions of the system components. More detailed
discussions on Mg-ATP- and Mg-GTP-driven diffusiophoresis using
experiments and model calculations are included in the SI sections
5 and 8. Both ATP and GTP are known to play important roles during

mitosis***%*%* and binding of Mg** to ATP and GTP is crucial for var-
ious intracellular processes’**"®. Therefore, the results shown in Fig. 3,
Fig. E2 (see SI), Figs. S7 and S15 are relevant for the motorless transport
of MTs.

Diffusiophoresis of MTs under a RanGTP gradient: diffusion of
background tubulin
The RanGTP gradient plays a major role in spindle assembly® .
However, can it also affect MT transport? With this motivation in mind,
we performed experiments on MTs in increasing and decreasing gra-
dients of purified RanQ69L (a mutant of Ran permanently in its GTP
bound form; Fig. 4a) in CSF-XB, using the compaction and entrainment
configurations (see Methods for details). Again, for a compaction
(entrainment) experiment, a negative (positive) concentration gra-
dient is set up into the pore. We observe that, unlike the previous
experiments, MTs migrate along both positive and negative gradients
of RanQ69L (Fig. 4b-e). Also, there was only minor concentration
dependence in the MT travel distance. Even though both tubulin and
RanQ69L are proteins, the response of MTs under the respective
gradients looks different. In order to explain such a difference, we
looked into the details of the RanQ69L-driven entrainment (Fig. 4f).

With higher contrast, we observe that on top of the entrainment
of MTs (Fig. 4f; red arrow), in the background there is spreading of a
bright signal (Fig. 4f; blue arrow), which is the depolymerized soluble
tubulin from the MT suspension. Such fluorescent background tubulin
was rarely detected in the earlier experiments. In our experience, it is
only under RanQ69L gradients that the presence of the background
tubulin is not negligible (Fig. 4f and Fig. S9b) and, moreover, the dif-
fusion behavior of the background tubulin depends on the con-
centration of RanQ69L (Fig. 4f). There is no previous study that
specifically reported stability of MTs in the presence of RanQ69L in
CSF-XB, but it was consistently observed in our experiments that a
non-negligible amount of MTs depolymerize in the presence of pur-
ified RanQ69L (see Fig. S10 for further characterization). We also tes-
ted whether RanQ69L-induced depolymerization of MTs occurs in the
seed solutions obtained with a different stabilizer (Taxol; see Meth-
ods), and observed consistent background diffusion of depolymerized
tubulin in the presence of RanQ69L. As a result, the compaction and
entrainment experiments of the Taxol-stabilized seeds performed with
a RanQ69L gradient showed similar results to those with the GMPCPP-
stabilized MTs (Fig. S11). These findings led us to perform a separate
set of experiments observing just the diffusion of soluble tubulin
under various solute gradients (Fig. 5).

In the cases with no solute gradient in BRB8O and CSF-XB, a MgCl,
(50 mM) gradient in BRB80, a Mg-ATP (25 mM) gradient in CSF-XB, and
a Mg-GTP (25 mM) gradient in CSF-XB, tubulin diffusion did not mea-
surably vary (Fig. 5a), as is shown with the squared entrainment dis-
tance versus time plot in Fig. 5c. The squared distance is linear in time,
and the slope of the averaged plot (=107° m%/s) is a measure of the
diffusion coefficient (D) of tubulin. From the Stokes-Einstein equa-
tion, Dy, = #erb, we estimate the radius of tubulin to be Ry, =2.2 nm,
which is consistent with previously reported values®®. We can further
conclude from our observations of tubulin diffusion under MgCl,, Mg-
ATP, and Mg-GTP gradients (Fig. 5a, c¢) that the transport of ions and
buffering agents are not affected by the tubulin diffusion.

Remarkably, under RanQ69L gradients, tubulin displayed con-
centration dependent diffusion (Fig. 5b and Fig. E3; see SI). Diffusion
profiles at ¢ =600 s for different concentrations of RanQ69L are plot-
ted versus x in Fig. E3 (see SI). It is clearly visible that at higher con-
centration of RanQ69L there is enhanced diffusion of tubulin along the
pore. Concentration-dependent diffusion of biological species is a
commonly observed phenomenon®, but we are not aware of any
previous studies reporting such a transport-related interaction
between Ran and tubulin.
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Fig. 4 | Diffusiophoresis of MTs under RanQ69L concentration gradients in CSF-
XB. a Schematic of both compaction and entrainment experiments. Compaction
and entrainment configurations are chosen to avoid direct contact of RanQ69L and
MTs before t = 0. Experimental images of (b) compaction (negative gradient;
t=600s) and (c) entrainment (positive gradient; ¢ =300 s) configurations.

d, e Compaction and entrainment distances are plotted for different RanQ69L
concentrations. There is only a slight concentration dependence and we observe no

sign-change in the phoretic behavior of MTs. The no sign-change behavior is
explained in the later section (Fig. 6d, e). f With higher contrast imaging, we
observed not only the entrainment of MTs but also the background diffusion of
depolymerized tubulin along a positive RanQ69L gradient. The diffusion behavior
of background tubulin depends on the concentration of RanQ69L. d, e Data are
presented as mean + SD (n =15 pores). All scale bars are 50 pm.

Tubulin- and RanQ69L-driven diffusiophoresis unraveled: long-
range interaction in buffer and Xenopus laevis egg extract

We now present experiments with c-PS particles (radius Rps) and
protein gradients to explain the tubulin-driven diffusiophoresis of MTs
(Fig. 1) and the bi-directional behavior of RanQ69L-driven diffusio-
phoresis (Fig. 4). To begin, we use c-PS particles and CSF-XB buffer to
perform experiments analogous with Fig. 1c. The pores are first filled
with CSF-XB, and then the c-PS particles suspended with 0.4, 2, and
10 pM of tubulin (in CSF-XB) are flowed into the channel. We observe
the entrainment of c-PS particles (Fig. 6a) into the pores, which is
similar to the behavior of MTs (Fig. 1c). The entrainment distance along
y=40pum is plotted versus time in order to exclude the effect of
background flow ur in the analysis (Fig. 6b). The squared entrainment
distance (Fig. 6b; inset) is linear in time, showing the diffusive nature of
diffusiophoresis. Tubulin-driven diffusiophoresis cannot be explained
with standard electrolyte-driven diffusiophoresis theory (see SI for
details) since tubulin does not behave like small ions (Ryup > Ap).

In the tubulin diffusion experiments (Fig. 5a, c), the behavior of
tubulin was not influenced by the background ions and buffering
agents. Therefore, for tubulin-driven diffusiophoresis, we only con-
sider the diffusion of tubulin, without considering the coupled trans-
port among all species. The diffusiophoretic velocity is related to the
osmotic flow generated along the particle surface within an interaction
length scale A(x Rcps). Considering the repulsive interaction between

tubulin and c-PS (or MTs), the diffusiophoretic velocity is (see SI for
details)!1>4604

_ y2kgT dcq
Upp=—4 2u ox’ (©)
where cr is the tubulin concentration obtained by solving a diffusion
equation. The trajectory along y=40 um follows % =Upp(x,, t). We
compare the measured trajectories for c-PS and MTs (data from Fig. 1f)
with the calculations using 4, as a fitting parameter (Fig. 6b, c). The
values of A, are included in the SI and Fig. 6. Although this calculation
does not fully describe the flow field adjacent to the particle surface,
we confirm that the scale of A,=0(10-100) nm (and the trend) is
consistent with the average separation distance d,, = 0(10-100) nm
among micromolar tubulin molecules (see SI for details).

From this analysis we conclude that tubulin-driven diffusiophor-
esis of MTs (and c-PS) occurs due to the repulsive interaction between
the tubulin molecules and MTs (or c-PS), both of which have a negative
surface potential. In BRB8O, the diffusiophoretic velocity of MTs was
smaller (Fig. 1e, see SI), influenced by the lower surface potential of
both MT and tubulin at pH 6.8. The surface potential argument is
further supported by a control experiment (Fig. E4; see SI) using
amine-modified polystyrene particles (a-PS; positively charged), where
the a-PS particles migrate up the tubulin gradient. MTs and c-PS

Nature Communications | (2024)15:9434


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53656-w

a Tubulin diffusion, t

Tubulin
2 uM

<G

CSF-XB + ATP 25 mM
CSF-XB + GTP 25 mM

=
=
o
0
o
O
=)
=
+

o
@
m
[vd
m

Buffer (+ solute)

Fig. 5 | Diffusion of soluble tubulin under various conditions. a, b Diffusive
entrainment of soluble tubulin (tagged with Alexa Fluor 568; solutions free of MTs)
under eight different conditions. a Tubulin diffusion was not affected by the con-
centration gradients of MgCl,, Mg-ATP, and Mg-GTP in BRB80 and CSF-XB buffers.
b Tubulin diffusion depends on the concentration gradient of RanQ69L. ¢ The

Cc
80 | -©- BRB80
70 ©- CSF-XB
&E‘ o - MgCl, 50 mM (BRB80)
9 60 |-o- ATP25mM (CSF-XB) _ff
S 5 |-o- GTP25mM (CSF-XB‘)", d
o Average 3.‘
o 40 “’
o '
(= Ca
S 30 8
R 'o’
Q 20 ..’ 9.96 x 10" m?/s
.O
10 .,.'
o &

0 100 200 300 400 500 600
Time (s)

squared entrainment trajectories are plotted versus time (except for the RanQ69L
experiments), showing the slope as the tubulin diffusion coefficient (=107° m?%s).

Data are presented as mean +SD (n =20 pores). The intensity profiles for tubulin
diffusion under RanQ69L gradients are included in Fig. E3 (see SI). Scale bars

are 50 pm.

particles behave analogously under both tubulin and MgCl, gradients
as the role of surface potential is the major contribution to their dif-
fusiophoretic transport. We henceforth use c-PS particles for control
experiments to predict the behavior of MTs in more complex envir-
onments. In the study by Ramm et al.'®, the pattern formation of
membrane cargo along the fluxes of MinDE protein was also inter-
preted as protein-driven diffusiophoresis, but induced by the steric
hard-sphere interactions between cargo and MinDE. Evidently, the
driving origin of diffusiophoresis can be different depending on the
types of interactions between particles and solutes.

Next, we explain the puzzling behavior of MTs under negative and
positive RanQ69L gradients (Fig. 4). Under a RanQ69L gradient alone
in CSF-XB, c-PS particles migrated downhill by diffusiophoresis
(Fig. 6d; see Fig. S14 for measurements and model calculations).
RanGTP is negatively charged in CSF-XB (pH=7.7), and a long-range
repulsion is present between RanQ69L and c-PS (or MTs). Therefore, if
there is no background depolymerized tubulin, MTs are also expected
to migrate in the direction of negative RanQ69L gradient. When a
positive RanQ69L gradient is formed into the pore, the c-PS particles
stay within the inlet region, by slight penetration due to the flow in the
main channel (Fig. 6e(i)-1, e(ii)-1). We observe that only in the presence
of the cross-diffusion of tubulin and RanQ69L as illustrated in
Fig. 6e(i)-2, e(ii)-2, c-PS particles migrated in the direction of the
positive RanQ69L gradient. We conclude that the presence and diffu-
sion of depolymerized tubulin affects the diffusiophoretic behavior of
MTs in a RanGTP gradient in Fig. 4. As a consequence, it had appeared
that MTs could move in both negative and positive gradients of
RanQé69L in Fig. 4. The higher the concentration of RanQ69L, the
stronger the depolymerization and diffusion of the background
tubulin. Therefore, the cross-diffusion argument is consistent with the
observation in Fig. 4.

Finally, we ask whether such diffusiophoretic effects can manifest
in an active cytoplasmic environment and contribute to intracellular
transport. Using Xenopus laevis egg extract, we tested diffusiophoresis
of c-PS particles under MgCl, (Fig. 6f), tubulin, and RanQ69L (Fig. 6g)
gradients. For this set of experiments, nocodazole (0.5 ug/mL) is
included in the extract to prevent polymerization of tubulin. The effect
of MgCl, gradients is reduced in Xenopus laevis egg extract compared
to buffers, but the concentration dependence of the c-PS diffusio-
phoresis is maintained. The reduced diffusiophoretic speeds can be
due to the interaction of MgCl, with other background species in the
extract or simply due to the higher cytoplasmic viscosity that c-PS
particles experience. We further confirm that tubulin and RanQ69L

gradients induce diffusiophoresis of c-PS particles in the extract in the
same direction as in buffers (Fig. 6g).

Intracellular species interactions are highly influenced by the
system’s physical chemistry. For example, tubulin and RanQ69L
showed concentration dependent cross-diffusion in CSF-XB (Fig. 5b),
but such a concentration dependence was largely reduced in the
Xenopus laevis egg extract (Fig. S16). Therefore, a further investigation
is required to make any general statements about intracellular diffu-
siophoresis. Nonetheless, from our study it can be concluded that
micromolar concentration gradients of tubulin and RanGTP can drive
diffusiophoresis of charged particles in an active cytoplasmic envir-
onment. Since the analogy between c-PS particles and MTs holds for
tubulin- and RanQé69L-driven diffusiophoresis, we conclude that MT
diffusiophoresis can contribute in driving intracellular MT transport
whenever there are concentration gradients of tubulin and RanGTP,
which is true in particular during mitosis and spindle assembly.

We discovered that MTs undergo diffusiophoresis along con-
centration gradients of soluble tubulin, MgCl,, Mg-ATP, Mg-GTP, and
RanGTP, and rationalized the observations using electrolyte- and non-
electrolyte-driven diffusiophoresis theory. By identifying MT interac-
tions with all system elements and demonstrating diffusiophoresis in
Xenopus laevis egg extracts, we establish the feasibility of MT diffu-
siophoresis in cells. The diffusiophoretic velocity of MTs (0(0.1) pm/s)
obtained under the gradients of micromolar proteins and millimolar
Mg-salts is comparable to the motor-driven MT transport speeds.
Thus, diffusiophoresis can be significant in spindle assembly and other
intracellular processes.

In order to fully describe the origin of protein-driven diffusio-
phoresis, surface interactions of proteins (e.g., tubulin, RanGTP,
RanGDP, etc.; see SI), and MTs with other background species must be
unraveled. Analyzing the flow field around MTs is also important. With
an interaction distance of O(100) nm, unlike the case with a small
Debye length 0(0.1) nm for electrolytes, the non-electrolyte-driven
diffusiophoresis must be shape-dependent. Follow-up in vitro studies
considering the diffusiophoresis of dynamic MTs, as well as in vivo
studies visualizing the transport of MTs along tubulin concentration
gradients, can further extend the boundaries of our understanding of
MT diffusiophoresis.

Our findings provide a concrete answer to the question of whe-
ther diffusiophoresis of charged macromolecules is possible in the
cytoplasm. As discussed throughout the article, diffusiophoresis
is a surface-flow-driven phenomenon and is determined by the
coupled movements of solutes, particles, and fluids. Therefore, as
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Fig. 6 | Tubulin- and RanQ69L-driven diffusiophoresis explained and demon-
strated in active cytoplasmic environment using Xenopus laevis egg extract.
a Diffusiophoresis of c-PS particles under tubulin gradients in CSF-XB. The
entrainment distance is plotted versus time and fitted with the non-electrolyte
diffusiophoresis model (eqn. (3); see Sl for details) for (b) c-PS particles and (c) MTs.
Insets: squared entrainment distance plotted versus time. Interaction length scale 4,
is used as a fitting parameter in the non-electrolyte diffusiophoresis model. Data are
presented as mean + SD (n =23 pores). b For the tubulin concentrations 0.4, 2, and
10 pM, the value of /, are, respectively, 174 nm, 128 nm, and 105 nm. ¢ For the
tubulin concentrations 1, 2, 5, and 10 pM, the values of A, are, respectively, 174 nm,
142 nm, 105 nm, and 98 nm. d Without any influence of the background tubulin, the
c-PS particles migrate down the RanQ69L gradient by diffusiophoresis. e Effect of
cross-diffusion between tubulin and RanQ69L on c-PS diffusiophoresis (in CSF-XB).

(i-1) Schematic describing an entrainment setup where a positive concentration
gradient of RanQ69L is set toward the dead-end of the pore. There is no diffusio-
phoretic entrainment. (i-2) Schematic describing the entrainment setup with the
cross-diffusion between 2 uM tubulin and 10 pM RanQ69L. (ii) Experimental images
show that diffusiophoretic entrainment of c-PS particles toward high concentration
RanQ69L only occurs when there is cross-diffusion of tubulin and RanQ69L. This
can explain the behavior of MTs shown in Fig. 4. f Diffusiophoresis of c-PS particles
under MgCl, gradient in Xenopus laevis egg extract. There is concentration-
dependent entrainment of c-PS particles, with smaller penetration distance (than in
BRB8O buffer) due to the crowdedness of the extract. g Diffusiophoresis of c-PS
particles under tubulin and RanQ69L gradients in Xenopus laevis egg extract. All
scale bars are 50 pum.

concentration gradients of ions, proteins, and other macromolecules
are common in cells, diffusiophoretic transport may be ubiquitous in
cells and we expect future studies to reveal additional instances of
intracellular diffusiophoresis. Of course, systematic investigations
identifying various combinations of particles, solutes, and the motion
of the surrounding fluid are necessary for making general statements
about diffusiophoresis in cells.

Methods

Ethics

Animal care was done in accordance with recommendations in the
Guide for the Care and Use of Laboratory Animals of the NIH and the
approved Institutional Animal Care and Use Committee (IACUC) pro-
tocol 1941 of Princeton University.

Microfluidic channel with a dead-end pore geometry

Microfluidic channels are made with PDMS (polydimethylsiloxane)
using standard soft lithography. Between the molded PDMS and the
glass slide, a thin layer of PDMS (1 mm) is also attached. In this way,
we can make all four walls of the dead-end pores be PDMS and have the
same surface property. The width, height, and length of the pores are,

respectively, w =100 um, A =50 pum, and £=1mm. For the main chan-
nel, width, height, and the length are, respectively, W=750pum,
H=150 um, and #=5cm. For all experiments, the pores are initially
filled with the first liquid, and followed by an air bubble, the second
liquid is flowed in the main channel at a mean flow speed (1) =1 mm/s.
Immediately after the two liquids contact with each other at the pore
inlet, the flow speed in the main channel is decreased to (u) =50 pm/s.
Images of the pores are recorded with an inverted microscope (Leica
DMI4000B; 0.3 NA and 10x magnification, DFC360 FX camera with
LAS AF software). For the images included in Fig. 2c, Nikon Ti-E
microscope (1.49 NA and 100x magnification, Andor Zyla sCMOS
camera with NIS elements software) is used.

Entrainment and compaction configurations

Main experiments for the diffusiophoresis of MTs and carboxylate-
modified polystyrene (c-PS) particles are done in the entrainment
configuration; MTs or c-PS particles are suspended in the second
liquid. For some experiments demonstrating MT motion under bio-
logical solute gradients (of Mg-ATP, Mg-GTP, and RanQé69L), a com-
paction configuration is chosen. For compaction experiments, MTs are
suspended in the first liquid, and the gradient-creating solutes are put
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in the second liquid. In this way, we can make the MTs meet the solutes
after t=0, and demonstrate the MT transport toward the dead-end of
the pores for ¢>0. Graphical descriptions for entrainment and com-
paction configurations can be found in”™.

Polystyrene particles

We used c-PS microspheres with a diameter d=1pm as model nega-
tively charged particles. The c-PS particles are purchased from Thermo
Fisher Scientific (F8820; Lot 2329001). The original c-PS particle sus-
pension is diluted (final concentration 0.03 %v/v) in buffers (BRB8O or
CSF-XB) or Xenopus laevis egg extract for use. For control experiments
testing the positive surface potential (Fig. E4; see SI), amine-modified
polystyrene (a-PS; d=1pum) particles are used. The a-PS particles are
purchased from Sigma Aldrich (L9654; Lot MKCQ2812), and the ori-
ginal suspension is diluted (final concentration 0.02 %v/v) in the CSF-
XB buffer for use.

Protein expression and purification (RanQ69L and soluble
tubulin)

Expression and purification of RanQ69L (Strep-6xHis-TEV-BFP-
RanQ69L) was done following a previous protocol®. Briefly, RanQ69L
was expressed in Rosetta2 E. coli cells and then lysed in lysis buffer
(100 mM tris-HCI, pH 8.0, 450 mM NaCl, 1mM MgCl,, 1mM EDTA,
0.5 mM PMSF, 6 mM BME, 200 uM GTP, 1 cOmplete™ EDTA-free Pro-
tease Inhibitor, 1000 U DNAse 1). Protein was then affinity purified
from lysate using a StrepTrap HP 5mL column (GE Healthcare) in
binding buffer (100 mM tris-HCI, pH 8.0, 450 mM NaCl, 1 mM MgCl,,
1mMEDTA, 6 mM BME, 200 uM GTP). Bound protein was eluted using
elution buffer (100 mM tris-HCI, pH 8.0, 450 mM NaCl, 1 mM MgCl,,
1mMEDTA, 6 mM BME, 200 pM GTP, 2.5 mM D-desthiobiotin). Finally,
eluted protein was dialyzed into CSF-XB (10 mM K-HEPES, 1 mM MgCl,,
100 mM KCI, 5 mM K-EGTA, pH 7.7) +10% (w/v) sucrose overnight. The
dialysis product was then spun concentrated to 200 uM, aliquoted,
and flash frozen.

Commercial tubulin from bovine brain (PurSolutions) was used
for all experiments containing soluble tubulin or MTs. Labeling with
Alexa-568 dye was done following a previous protocol®.

RanQ69L and soluble tubulin were diluted to their desired con-
centrations using CSF-XB, CSF-XB+10 % (w/v) sucrose, or BRBSO
(80 mM K-PIPES, 1 mM MgCl,, 1mM EGTA, pH 6.8) depending on the
experimental conditions.

Microtubule preparation

To make GMPCPP-stabilized, Alexa-568 labeled MT seeds, a 40 pL
mixture of 20 pM bovine tubulin (10 % labeled with Alexa-568 dye) and
1mM GMPCPP in BRB8O was polymerized for 45 min in a 37 °C water
bath and centrifuged at 16000 x g for 8 min at room temperature in a
tabletop centrifuge (Eppendorf). The supernatant was discarded and
the seeds were resuspended with room temperature BRB8O. The seeds
were further diluted by 1/10 in BRB8O or CSF-XB for experiments, and
the resulting MT supsension is used the same day.

To create Taxol-stabilized seeds (see SI), we adapted a protocol
available from Tim Mitchison’s lab. Briefly, a mixture of 20 pM tubulin
(10% Alexa568-labeled tubulin) in BRBS8O containing 1mM GTP was
prepared and incubated on ice for 5 min. The mixture was pre-cleared
by ultracentrifugation, and the supernatant incubated at 37 °C for
2min to initiate MT formation. 1/10 volumes of Taxol solutions in
DMSO (2 uM, 20 uM, and 200 uM) were added to the mix stepwise,
incubating at 37 °C for 10-15 min after each Taxol addition. After the
last incubation, MTs were pelleted by centrifugation and resuspended
in warm BRB80 containing 20 puM Taxol.

Xenopus laevis egg extract preparation
Meiotic Xenopus laevis egg extract was prepared as previously
described’ and then flash frozen. On experiment day, extract was

thawed slowly on ice and supplemented with 0.5 pg/mL nocodazole to
prevent MT polymerization.

MgCl,, Mg-ATP and Mg-GTP experiments

For the experiments testing MgCl,-, Mg-ATP-, and Mg-GTP-driven dif-
fusiophoresis, desired concentrations of MgCl,, Mg-ATP salt, and Mg-
GTP salt are directly dissoved in the buffer (BRB8O or CSF-XB). MT or
c-PS suspensions are prepared separately in the matching buffers, and
the experiments are conducted either in the entrainment or compac-
tion configurations.

RanQ69L experiments

RanQ69L was diluted in CSF-XB for the diffusiophoresis experiments
(for MTs and c-PS particles; Figs. 4, 6d, e and Fig. S14) and the tubulin
diffusion experiments (Fig. 5b). For the experiment done in Xenopus
laevis egg extract (Fig. 6g), RanQ69L was diluted in the extract (second
liquid for entrainment configuration). In order to match the crowd-
edness, the same proportion of CSF-XB +10 % (w/v) sucrose was added
in the extract that was used for the first liquid (initial pore-filling
liquid).

Xenopus laevis egg extract experiments

Xenopus laevis egg extract is used for testing the c-PS diffusiophoresis
under MgCl,, tubulin and RanQ69L gradients (Fig. 6f, g). Also, the
cross-diffusion between tubulin and RanQ69L is observed using the
extract (Fig. S16). The solutes are initially prepared at higher con-
centrations in CSF-XB+10 % (w/v) sucrose, and diluted to desired
concentrations in the Xenopus laevis egg extracts. The first and second
liquids in the experiments had matching crowdedness by adding the
same amount of CSF-XB +10 % (w/v) sucrose in the Xenopus laevis egg
extract.

TIRF assays for GMPCPP- and Taxol-stabilized MTs

For TIRF assays, fresh MT seeds (GMPCPP- and Taxol-stabilized) were
made. The MT seeds contained 10 % biotin-labeled tubulin in addition
to 10 % ATTO647N-labeled tubulin. Imaging flow chambers were cre-
ated by securing strips of double-sided tape onto microscope slides
(-2cm apart) and securing untreated coverslips atop the tape. A
solution of 0.1 mg/mL anti-biotin antibody (Invitrogen: Z021) diluted in
BRB80 was flowed into the chambers and incubated at room tem-
perature for 10 min. MTs were then freshly diluted in BRB8O (1:500 for
taxol seeds and 1:750 for GMPCPP seeds), flowed into the chamber,
and incubated for 10 min at room temperature. Then, CSF-XB (0 %
sucrose) and 10 pM RanQ69L freshly diluted in CSF-XB, respectively,
are flowed into the imaging chamber, and the MTs are imaged
immediately. All buffers for Taxol-stabilized seeds contained 20 pM
Taxol. Images were captured every minute for 15 min using a Nikon Ti-E
inverted system (RRID:SCR021242) with an Apo TIRF 100x oil objective
(NA=1.49), and an Andor Neo Zyla (VSC-04209) camera. Exposure
settings of 400 ms and 200 ms (647 laser) were used to image the
GMPCPP- and Taxol-stabilized MTs, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are provided
with this paper.

Code availability

Sufficient details and explanations of the code used for model calcu-
lations are provided in the SI. The code is available from the corre-
sponding authors upon request.
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