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The biological effects of magnetic fields (MFs) have been a controversial issue. Fortunately, in recent
years, there has been increasing evidence that MFs do affect biological systems. However, the physical
mechanism remains unclear. Here, we show that MFs (16 T) reduce apoptosis in cell lines by inhibiting
liquid-liquid phase separation (LLPS) of Tau-441, suggesting that the MF effect on LLPS may be one of
the mechanisms for understanding the “mysterious” magnetobiological effects. The LLPS of Tau-441
occurred in the cytoplasm after induction with arsenite. The phase-separated droplets of Tau-441 recruited
hexokinase (HK), resulting in a decrease in the amount of free HK in the cytoplasm. In cells, HK and Bax
compete to bind to the voltage-dependent anion channel (VDAC 1) on the mitochondrial membrane. A
decrease in the number of free HK molecules increased the chance of Bax binding to VDAC I, leading to
increased Bax-mediated apoptosis. In the presence of a static MF, LLPS was marked inhibited and HK
recruitment was reduced, resulting in an increased probability of HK binding to VDAC | and a decreased
probability of Bax binding to VDAC I, thus reducing Bax-mediated apoptosis. Our findings revealed a
new physical mechanism for understanding magnetobiological effects from the perspective of LLPS.
In addition, these results show the potential applications of physical environments, such as MFs in this
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study, in the treatment of LLPS-related diseases.

Introduction

Magnetic fields (MFs) often have a sense of mystery, which is
probably because MFs work in a noncontact manner. This
becomes even more complicated when MFs encounter biological
systems, and quite conflicting views emerge. Some claim that
an MF has amazing biological effects, while others dismiss these
effects as pseudoscience. Fortunately, in recent years, owing to
more rigorous and advanced experimental technologies, more
reliable results have been obtained, confirming the reproduci-
bility of MF effects. In addition, several therapeutic effects have
been clinically explored and applied. Static MFs, for example,
have been found to promote proliferation of osteoblasts, which
could be useful in treating osteoporosis [1]. In the study of the
effect of MFs on Alzheimer’s disease (AD), it was found that
MFs delayed the pathological process [2]. More recently, static
MFs have been found useful in the treatment of AD [3]. A tech-
nology called repetitive transcranial magnetic stimulation has
already been applied in the treatment of neuropsychiatric dis-
eases such as depression, AD, Parkinson’s disease, schizophrenia,
and other diseases by providing bioenergy [4,5]. These accumu-
lated experimental results indicate that MFs are potentially
applicable for treating biological systems. However, compared
with the experimental research, the theoretical studies clearly
lag behind. Currently, no satisfactory physical mechanism has
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been proposed to explain the biological effects of MFs. There is
no doubt that studying the mechanism of MF effects on biolog-
ical systems from the perspective of physics is fundamentally
important for better utilization of MFs in practical applications,
such as the treatment of diseases.

AD is an age-related, progressive, and destructive neurode-
generative disease with high clinical morbidity [6]. The total
cost of treating AD worldwide exceeds trillions of dollars each
year [7]. With aging challenges becoming increasingly serious
in the world, research on AD treatment technology has become
increasingly more important. In the past, researchers conducted
a large number of studies on its pathogenesis. To date, it was
generally assumed that AD was caused by amyloidosis in the
brain, tangling of neuronal fibers, or loss of selective neurons
[8,9]. Tubulin-associated unit (Tau) is one of the focused pro-
teins highly correlated with these causes. The aggregation of
Tau and phosphorylated Tau leads to the formation of neuronal
fiber entanglement [10]. The loss of selective neurons and the
reduced efficiency of glucose metabolism are also closely related
to the aggregation of Tau proteins [11]. Therefore, aggregated
Tau becomes a biomarker of AD [12] and an important target
in the study of the pathogenesis of AD.

As anatural and highly soluble unfolded protein, Tau forms
a p-sheet structure at physiological concentrations in its micro-
tubule-binding repeat (MTBR) domain. Tau contains an MTBR
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region, which easily forms B-sheets of fibrous aggregations [13].
In the brains of patients with AD, Tau aggregates to form toxic
fibrillary tangles [14]. These pathological processes of Tau
aggregation and fibrous structure formation are characteristics
of AD. At present, it is known that these processes happen after
a process called liquid-liquid phase separation (LLPS). LLPS
is not a new phenomenon. It is ubiquitous in physical sciences,
such as in phase transitions, solution crystallizations, separa-
tions, and extractions. This phenomenon occurring in biolog-
ical systems is exceptionally important. In 2009, Brangwynne
et al. [15] found for the first time that the RNA and protein-rich
P granules in the germ cell of Caenorhabditis elegans exhibited
liquid-like behaviors and proposed that such phase transition
behaviors played an important role in structuring the cyto-
plasm. This discovery revealed a general and fundamental
physicochemical mechanism for understanding a variety of
cellular physiological and biochemical processes in biological
systems, such as gene transcription [16], DNA repair [17], auto-
phagy [18], spindle assembly [19], transcriptional regulation
[20], noise reduction in protein concentration in cells [21],
RNA metabolism [22], ribosome synthesis [23], DNA damage,
and signal transduction [24]. In addition, it has been found
that LLPS is also widely involved in many pathological pro-
cesses, especially in neurodegenerative diseases, such as AD
[25], Parkinson’s disease [26], and amyotrophic lateral sclerosis
[27]. It has become clear that targeting the LLPS process may
offer new opportunities to find solutions to treat LLPS-related
diseases.

The LLPS of Tau forms dense liquid droplets containing
highly concentrated Tau. These droplets can recruit macromol-
ecules as they form [28]. Immunoprecipitation studies confirmed
that Tau also binds to hexokinase (HK) [29,30], which is ubiq-
uitously expressed in the brain and catalyzes the rate-limiting
and first irreversible step of glycolysis [31]. HK directly interacts
with mitochondrial voltage-dependent anion channel (VDAC
I), resulting in a decrease of Bax binding and oligomerization at
the mitochondrial contact site. Consequently, Bax-mediated
apoptosis signaling is antagonized [32]. After HK dissociation,
Bax binds and oligomerizes at the contact site, resulting in
decreased mitochondrial membrane potential [33]. A rapid
decline in HK activity was observed in the brains of patients with
AD [34], suggesting that the number of HK molecules in the
cytoplasm was reduced because of the recruitment of HK to the
phase-separated droplets.

The phase separation of Tau can be affected by a variety of
chemical, biochemical, and physical factors, among which
chemical factors are the most widely studied. For example, it
was found that at alow Na* concentration (150 mM), the LLPS
of Tau was mainly affected by electrostatic interactions [14],
while at a high Na* concentration (4 M), it was affected by
hydrophobic interactions [35]. The LLPS of Tau is also sensitive
to the environment, such as temperature, pH, Na* ion concen-
tration, and salt ion type [36], as well as physical properties
such as viscosity and diffusivity [37]. Compared with the chem-
ical environments, the physical environmental factors such as
MFs, mechanical vibrations, light, and sound waves have not
been comprehensively studied in LLPS research. In other
words, the study of the influence of the physical environment
on LLPS processes is a research direction that has not been well
explored. Because the physical environment, for example, MFs
and gravitational fields, affects solution properties, such as vis-
cosity [38], wettability [39], and diffusivity, as well as other
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parameters, we expect that the physical environment will have
an impact on LLPS, thus further affecting the biological pro-
cesses associated with LLPS. This is a very important inference
because it provides a plausible physical mechanism for under-
standing the mysterious effects of MFs on biological systems
and, furthermore, indicates that physical environments can be
used to treat LLPS-related diseases.

In this study, we constructed 293T-TAU441 and SK-N-SH-
TAU441 cell lines in which the LLPS of Tau-441 occurred after
induction with arsenite. An MF (16 T) inhibited the LLPS of
Tau-441, which reduced the recruitment of HK by the phase-
separated droplets, resulting in more HK molecules remaining
in the cytoplasm than without MF exposure. The greater the
number of HK molecules in the cytoplasm, the greater was the
chance of HK binding to VDAC I, which thereby reduced Bax-
mediated apoptosis. Our study provides a novel physical mech-
anism for understanding how an MF affects biological systems.
In addition, this work also showed that physical environments
such as MFs can be explored for the treatment of LLPS-related
diseases.

Results

Tau-441 phase separation interacts with HK

The phase separation of Tau-441 was induced by mixing arsenite
with 293T-TAU441 cells for 0.5 h. The phase separation induced
by arsenite did not increase the expression of Tau. However, the
number of HK molecules binding to Tau-441 increased, as indi-
cated by the Western blotting result (Fig. 1A). Because the main
function of HK is to catalyze glucose in the glycolysis pathway,
we detected changes in HK activity in cells by monitoring the
amount of reduced form of nicotinamide adenine dinucleotide
phosphate (Fig. 1B). The amount of glucose, which is the sub-
strate for HK, increased (Fig. 1C), while the product glucose
6-phosphate decreased (Fig. 1D). These results showed that
arsenite reduced the activity of HK in 293T-TAU441 cells.

A Co-IP (co-immunoprecipitation) experiment (Fig. 1A)
showed that intracellular Tau-441 bound to HK, and phase
separation increased the binding of HK to Tau-441. We further
used the molecular docking software ZDOCK [42] to simulate
the binding mode of Tau-441 with HK. ZDOCK scores every
possible pose in which 2 proteins bind on the basis of potential
energy, spatial complementarity, and an electric field force.
According to the scores, we chose the top 10 poses for analysis.
LigPlot software was used to determine the formed hydrogen
bonds and hydrophobic interactions [43]. The MTBR region is
considered to be an important region for Tau-441 aggregation,
and therefore, we selected the structure of the MTBR region
(Fig. 1E2) from the Protein Data Bank (PDB) database to dock
with HK (Fig. 1E1). The docking result showed that HK inter-
acted with Tau-441 mainly through hydrophobic interactions
and intermolecular hydrogen bonds. Figure 1E3 shows one of
the combination forms. It can be seen that Val363, His362,
His374, Glu372, and Lys370 of the MTBR domain of Tau-441
formed hydrogen bonds with Lys777, Glu774, Arg779, Arg779,
and Glu731 of HK, respectively. Figure S1 shows the other 9
results that demonstrated that hydrogen bonds and hydropho-
bic interactions occurred between the 2 proteins. In addition
to the structurally altered Tau-441 with the MTBR domain, the
native Tau-441 also existed in solution. Therefore, we also ana-
lyzed the binding of HK to native Tau-441. I-TASSER [44], an
online protein modeling software, was used to construct the
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Fig.1.LLPS of Tau-441 enhanced its binding to HK. (A) Western blotting of Tau-441, hexokinase (HK), and B-actin expression in the lysate and Co-immunoprecipitation (Co-IP)
of 293T-TAU441 cells. (B) HK activity indicated by the levels of NADPH (reduced form of nicotinamide adenine dinucleotide) in cells with and without induction by 0.5 mM
arsenite. (C and D) Amounts of glucose and glucose 6-phosphate in the cells with and without arsenite induction. (E) Putative binding sites between HK and the MTBR domain
of Tau-441. (E1) Crystal structure of human HK binding with glucose and ADP in active sites from the PDB database [40]. (E2) Fragment structure of 4R tauopathy type 1b
Tau filament from the PDB database [41]. (E3) The putative binding sites between Tau-441 and HK. The dotted green lines indicate hydrogen bonds, and the arc with spokes
radiating toward the ligand atoms indicates hydrophobic interactions. (F) Putative binding sites between HK and homologous modeling of native Tau-441. (F1) Structure of
homologous modeling of native Tau-441 given by I-TASSER online protein model software. (F2) Putative binding sites between Tau-441 and HK. The dotted green lines indicate
hydrogen bonds, and the arc with spokes radiating toward the ligand atoms indicates hydrophobic interactions. (G) HK activity in the mixed solution of HK and Tau-441 with
and without LLPS. LLPS of Tau-441 was induced by adding 10% PEG8000 at 310.15 K for 30 min. (H) Size of phase-separated droplets in solutions of Tau-441 with and without
adding HK. (I and J) Turbidity and normalized thioflavin T (ThT) intensity of Tau-441 solution with and without adding HK. Data were shown as means + SEM.n = 3 to 7 per
group. *P < 0.05 and **P < 0.01. IgG, immunoglobulin G.
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homology model of Tau-441. The confidence score (C score)
structure was selected for subsequent molecular docking anal-
ysis. Figure 1F1 shows the simulated molecular structure of
Tau-441. The results showed that HK also bound to native Tau-
441 (Fig. 1F2 and Fig. S2). The stability of the protein structure
was positively correlated with the value of the solvation free
energy. We used the online software PDBePISA [45] to calcu-
late the solvation free energy gains between HK and native
Tau-441. The results are presented in Table S1.

Arsenite induces LLPS of intracellular Tau-441, which may
cause changes in intracellular metabolism. To eliminate the
interference of other intracellular factors in the cell, we incu-
bated Tau-441 directly with HK in solution for an LLPS exper-
iment. It was found that the activity of HK significantly decreased
when incubated with Tau-441 in a solution with 10% PEG8000
(polyethylene glycol, molecular weight 8000) than when
incubated with Tau-441 in a solution without 10% PEG8000
(Fig. 1G). These results revealed that the phase separation
of Tau-441 decreased the overall activity of HK in the solu-
tion by increasing its binding to HK.

According to the structure of HK in the PDB database
(1IDGK), we can see the active sites of glucose, adenosine diphos-
phate (ADP), and a phosphate ion combined with HK, as shown
by LigPlot (Fig. S3). It was shown that Thr680 and Ala536 of HK
were not only the sites binding to ADP but also the sites binding
to Tau-441 via hydrogen bonds. This may be the reason for the
decrease of HK activity caused by Tau-441 binding.

Through the above experiments, we confirmed the recruit-
ment of HK by the LLPS of Tau-441. The LLPS of Tau-441 may
also be affected by certain conditions, including inhibitors,
facilitators, and exogenous macromolecules such as PEG dur-
ing the formation of phase separation droplets. Therefore, we
analyzed whether the recruited HK promoted or suppressed
Tau-441 LLPS. To find the answer, we studied the turbidity,
particle size, and B-sheet content, which are effective indicators
for characterizing protein LLPS. We obtained the changes of
these indicators after HK was added to the solution. Under the
influence of PEG, both particle size and turbidity increased
with an increasing amount of HK (Fig. 1H and I). The size of
the particles in the solution increased significantly from 2.39 +
0.33 pm to 3.88 + 0.88 pm with HK (Fig. 1H). Furthermore,
the addition of HK increased the turbidity of the solution from
0.13 +0.0033 to 0.14 + 0.0039 (Fig. 11I). The fluorescence inten-
sity of thioflavin T (ThT) in the Tau-441 solution also increased,
indicating an increase in f-sheet content (Fig. 1]). The addition
of HK increased the fluorescence intensity of the Tau-441 solu-
tion compared with that of the solution without HK. These
results indicated that the addition of HK augmented the LLPS
of Tau-441. This may be because HK stabilized the B-sheet
structure of Tau by hydrogen bonding with the MTBR region
of Tau-441.

The MF-inhibited phase separation of Tau-441

The schematic illustration of magnet systems and MF distribu-
tion are shown in Fig. S4. We examined the ThT intensity of
the native Tau-441 dissolved in the buffer solution when no
LLPS occurred. It was found that there was no significant dif-
ference in the ThT intensity of the samples treated with and
without an MF (16 T, superconducting magnet) (Fig. 2A), con-
firming that the MF (16 T) did not affect the B-sheet content
of native Tau-441. We further used circular dichroism (CD)
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spectroscopy to analyze the effect of a 16-T MF on the second-
ary structure of native Tau-441. The results (Fig. 2A and B)
showed that the MF (16 T) did not change the secondary struc-
tures of native Tau-441.

Although the secondary structure of native Tau-441 did not
change in the MF (16 T) without the occurrence of LLPS, as
demonstrated above, this was not the case when LLPS occurred.
We found that LLPS caused an apparent change in secondary
structure (Fig. 2C). The B-sheet content in the Tau-441 sample
increased significantly after LLPS as compared with the native
Tau-441 without LLPS. Furthermore, both high (16 T, super-
conducting magnet) and low (0.48 T, permanent magnet) MFs
attenuated the increase in f-sheet content (Fig. 2C). We hence
examined whether an MF (16 T) could reduce the effect of LLPS
on the secondary structures of Tau-441. The results (Table 1)
showed that, in the presence of an MF (16 T), the p-sheet con-
tent (27.38% + 0.79%) was less than that in the absence of an
MF (31.03% + 0.20%), and the a-helix content (13.21% =+
0.35%) was greater than that in the absence of an MF (8.18% =+
0.46%). These results show that the secondary structure of Tau-
441 changed more significantly in the absence of an MF than
in the presence of an MF (16 T), revealing the stabilizing effect
of an MF on the secondary structure of Tau-441.

LLPS is a continuous process. To reduce the experimental
error caused by long-term microscope monitoring after the
droplets were removed from MFs, glutaraldehyde was used
to cross-link the droplets to ensure that the droplet shapes
remained unchanged during microscope. After fixing with
glutaraldehyde, the phase-separated droplets of Tau-441 with
PEG8000 were observed under a microscope. It was found
that the number of droplets formed in the presence of both
high (16 T, superconducting magnet) and low (0.48 T, per-
manent magnet) MFs was less than the number of droplets
formed in the absence of MFs (Fig. 2D). The statistical analysis
of droplets in the photos showed that there were 11 droplets
formed in the 16-T MF, 15 droplets formed in the 0.48-T MF,
and 23 droplets formed without an ME. We used a microscope
and Image] statistics to study the size of droplets in the field
of view and found that the size of the droplets obtained with
the MFs (0.48 and 16 T) was significantly smaller than that
of the droplets obtained without the MF (Fig. 2E). To further
confirm this observation, we used dynamic light scattering
(DLS) to obtain the average droplet size in the entire solution
system. The mean diameter of Tau-441 droplets obtained
without the MF was 2.39 + 0.08 pm, that of Tau-441 droplets
obtained with the 0.48-T MF was 1.90 + 0.14 pm, and that of
Tau-441 droplets obtained with the 16-T MF was 1.74 + 0.10 pm
(Fig. 2F). To eliminate unrelated interferential factors, various
methods were used for further verifying the influence of MFs
on Tau-441 phase separation. We observed a rapid decrease
in sample turbidity with the MF (0.48 and 16 T) compared to
that without the ME, which strongly indicated that the MF
was involved in the inhibition of LLPS (Fig. 2G).

We diluted (1:10,000) the phase-separated solutions and
pipetted a drop onto a silicon wafer and then removed the
excess solution with a filter paper. Then, we used an atomic
force microscope (AFM) to examine the particles remaining
on the silicon surface. Interestingly, it was found that the num-
ber of particles was much less in the sample with the MF than
in the sample without the MF (38 versus 211), indicating that
there was already partial liquid-solid phase transition occur-
ring in the phase-separated droplets, and the transition was
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Fig.2.MFs inhibited LLPS of Tau-441. (A) An MF (16 T) effect on the formation of 3-sheet by ThT fluorescence intensity study. Tau-441 was incubated in a buffer solution
(150 mM NaCl and 10 mM Hepes (pH 7.4)) without LLPS occurred. Results were normalized as the fluorescence intensity/fluorescence intensity of protein without an MF
(16 T). (B) The change of the secondary structure content of protein determined by circular dichroism. Tau-441 was incubated in buffer solution (150 mM NaCl and 10 mM
Hepes (pH 7.4)) without LLPS induction. (C) Inhibition effect of static MFs on LLPS verified by ThT fluorescence intensity comparison. (D) Tau-441 formed liquid droplets
under different conditions. Scale bars, 10 pm. (E) The droplet sizes in the field of view obtained by ImageJ analysis on the microscopic pictures in (D). (F) The mean diameter
of Tau-441 droplets. n = 4 per group. (G) MF inhibition effect on LLPS verified by turbidity. (H) AFM images of the Tau-441 clusters with and without an MF (16 T) treatment.
Scale bars, 1 pm. (I) An MF (16 T) effect on viscosity. Data were shown as means + SEM. n = 3 to 6 per group. *P < 0.05 and **P < 0.01. ns, not significant.
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Table 1. MF treatment (16 T) mitigated changes in the second-
ary structure of Tau-441 exacerbated by LLPS. The samples
were Tau-441 solutions after LLPS occurred. In both cases (with
and without MF treatment), the secondary structure of Tau-441
changed because of LLPS. The data presented in this table show
that the MF slowed down the changes in the secondary struc-
ture, providing evidence of the stabilizing effect of the MF on
Tau-441 structure.

Secondary structures No MF (%) MF (%)
a-Helix 8.18 + 046 13.21 + 0.35%*
B-Sheet 3103+ 0.20 2738 +£0.79**
B-Turn 16.92 + 0.70 1771 £ 0.35
Random caoil 4387+ 058  41.66 + 0.89+*

Data were shown as the mean + SEM. n = 3 per group. **P < 0.01.

significantly faster or earlier in the absence of the MF than in
the presence of the MF (Fig. 2H). This result was additional
evidence that the LLPS of Tau-441 was inhibited by an ME

Solution viscosity is known to be inversely proportional to
the phase separation process. Increasing viscosity should inhibit
LLPS. We measured the viscosity of the Tau-441 solution and
confirmed that the MF (16 T) significantly increased the vis-
cosity of the solution (Fig. 2I).

The MF (16 T) inhibited the phase separation of
a solution incubated with Tau-441, reduced the
binding of HK to Tau-441, and increased the content

of free HK and the HK activity
To further understand the role of the MF (16 T) in the formation
of Tau-441 and HK binding, the droplet size, the turbidity, and
the size of clusters in the solution were studied with and without
an MF (16 T). The results revealed that all 3 parameters were
significantly reduced under an MF (16 T) (Fig. 3A to D). Novel
differential interference contrast (DIC) microscope images
showed that the droplets formed in the presence of an MF
(16 T) were much less than those formed in the absence of an
ME (Fig. 3A). Using the software Image], we found that the size
difference was statistically significantly (P < 0.01) (Fig. 3B). The
statistical analysis of droplets in the photos showed that there
were 13 droplets formed with the MF (16 T) and more than 31
droplets formed without the ME Moreover, the turbidity of the
solution with Tau-441 and HK was lower in the MF (16 T) (0.12 +
0.0036) than that without the MF (0.14 + 0.0039) (Fig. 3C).
Through DLS, we further confirmed that the average size of the
droplets formed with the MF (16 T) was smaller (2.15 + 0.88 pm)
than that of the droplets formed without the MF (3.88 +
0.88 pm) (Fig. 3D). The number of clusters after dilution of the
phase-separated solution was significantly lower (n = 103) with
the MF (16 T) than without the MF (n = 166) (Fig. 3E). All the
above results verified that the MF (16 T) suppressed the LLPS
of Tau-441 with added HK.

To further understand the MF (16 T) effect on the binding
between Tau-441 and HK, the secondary structure in the
solution was studied with and without an MF (16 T). The
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fluorescence intensity of ThT was used to represent -sheet
content. It can be seen that the fluorescence intensity with
the MF (16 T) was less than that without the MF, demon-
strating that the f-sheet content with the MF (16 T) was less
than that without the MF (Fig. 3F). Furthermore, the a-helix
content with the MF (16 T) was significantly greater than
that without the MF (Table 2). These results again confirmed
that the secondary structure of Tau-441 with HK added after
LLPS changed more slowly under an MF (16 T) than without
an MF, indicating the protective effect of an MF on the sec-
ondary structure during LLPS.

To further study the binding between the 2 molecules under
the influence of an MF (16 T), Fourier transform infrared spec-
troscopy (FTIR) was used. Figure 3G shows the effect of the
MF (16 T) on the FTIR spectra of the mixed solution of HK,
Tau-441, and PEG8000. The change of the peak in the FTIR
spectra is related to the vibration of molecular groups [46]. The
range from 2,500 to 3,700 cm™" in the FTIR spectra was the
hydrogen stretching region, in which the vibration frequencies
of C-H, N-H, and O-H appeared [47]. The peak at 2,365 cm ™"
is the stretching region of C=C. The range from 400 to 1,000 cm™"
is the stretching region of aromatic bonds [48]. From the FTIR
spectra comparison, it can be seen that the main changes under
MF (Fig. 3G) were the disappearance of peaks at 3,632, 3,225,
and 2,365 cm™' and the appearance of peaks at 3,461 and
828 cm™. As can be seen from Fig. 2B and Table 1, the MF did
not change the secondary structure of native Tau-441 but
played a role in slowing the changes in secondary structure.
The breaking of hydrogen bonds and formation of new bonds
were clear signals that regulated the LLPS process [49]. Because
the peak at 3,461 cm™" was related to C-H, that at 2,365 cm ™"
was related to C=C, and that at 828 cm™" was related to aro-
matic bonds, the FTIR comparison results indicated that the
C-H bond and aromatic bonds were broken, and the C=C
bond formed after LLPS under the action of the crowding
agent (PEG8000). Under MF treatment, such changes in the
bonding were suppressed (Fig. 3G) compared with the Tau-441
solution without LLPS (refer to the FTIR spectrum of the Tau-
441 solution; Fig. S5). The peaks at 3,632 and 3,225 cm™! rep-
resented the intermolecular hydrogen bonds [50]. Our docking
studies in Fig. 1E and F showed that HK bound to Tau-441
through hydrogen bonds, thereby exacerbating the LLPS of
Tau-441 (Fig. 1H to ]); hence, these peaks were observed in the
FTIR spectrum of samples without MF treatment. In the sam-
ples with MF treatment, these peaks disappeared, which was
similar to the case of the Tau-441 spectrum without LLPS (see
Fig. S5), indicating that the formation of intermolecular
hydrogen bonds was suppressed by the ME.

The decreased HK recruitment by LLPS droplets resulted in
an increase of free HK in the solution. Compared with the case
without an MF, the activity of HK in the solution was signifi-
cantly enhanced with an MF (16 T) (Fig. 3H). Meanwhile, the
activity of intracellular HK also significantly increased with the
MF (16 T) (Fig. 3I). The amount of glucose decreased (Fig. 3])
and the amount of glucose 6-phosphate increased (Fig. 3K).
The enhancement of HK activity also improved the utilization
rate of glucose by cells (Fig. 3L). These results suggested that
an MF (16 T) improved glucose metabolism. Although the MF
(16 T) showed no effect on the expression of Tau-441 in the
cells after arsenite-induced phase separation, the amount of
HK bound to Tau-441 in the MF (16 T) was significantly
reduced (Fig. 3M).
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Fig.3.An MF (16 T) treatment disrupted phase separation and increased HK activity. (A) An MF (16 T) effect on droplet formation of Tau-441 after incubation with HK. Scale
bars, 10 pm. (B) The droplet sizes in the field of view obtained by ImageJ analysis on the microscopic pictures in (A). (C) An MF (16 T) inhibition effect on LLPS verified by
turbidity. (D) The mean diameter of Tau-441 droplets. n = 4 per group. (E) AFM images of the Tau-441 clusters with and without an MF (16 T) treatment. Scale bars, 1 pm.
(F) ThT fluorescence intensity of the phase-separated solution with and without an MF (16 T) treatment. (G) Fourier transform infrared spectra of mixed solution of HK and
Tau-441 after LLPS induction treatment using PEG8000 at 310.15 K. (H) An MF (16 T) increased HK activity in Tau-441 phase separation solution. (1) An MF (16 T) increased
HK activity in cells with Tau-441 phase separation. (J to L) Amounts of glucose, glucose 6-phosphate, and glucose consumption in cells with and without an MF (16 T).
(M) Western blotting of Tau-441, HK, and p-actin expression in lysate and Co-IP of 293T-TAU441 cells. Data were shown as means + SEM. n = 3 to 7 per group. *P < 0.05

and **P < 0.01. a.u., arbitrary units.
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Table 2. MF (16 T) treatment mitigated changes in the sec-
ondary structure of Tau-441 when HK was added to a Tau-441
solution following LLPS. HK was added to the Tau-441 solutions
after LLPS occurred. In both cases (with and without MF), the
secondary structure of Tau-441 changed because of LLPS. The
data presented in this table show that the MF slowed down the
changes in the secondary structure, providing additional evi-
dence of the stabilizing effect of the MF on Tau-441 structure.

Secondary structures No MF (%) MF (%)
a-Helix 5.62 + 0.67 8.71 + 0.34:%
B-Sheet 3410+ 042 3045+ 0.02%*
B-Turn 16.61 + 0.67 16.89 +0.79
Random coil 4368 + 0.62 43.98 + 0.67

Data were shown as the mean + SEM. n = 3 per group. **P < 0.01.

HK can competitively bind to VDAC | and
inhibit cell apoptosis
Free HK also binds to native Tau-441 in solution. Therefore,
we used molecular docking to simulate the docking between
HKand VDAC . The results gave possible poses, among which
the top 10 were examined. We found that several binding sites
between HK and VDAC I have been reported in the literature
[51]. Figure 4A shows 1 pose, and the other 9 poses are shown
in Fig. S6. The free energy gains corresponding to these poses
are presented in Table S2. The results showed that most of the
solvation free energy gains upon HK binding to VDAC I were
less than those upon HK binding to native Tau-441, indicating
that HK was more likely to bind to VDAC I. To test whether
Tau-441 under the influence of the MF (16 T) was involved in
this apoptotic process, we performed Co-IP experiments. The
results showed that, under an MF (16 T), the amount of intra-
cellular VDAC I that bound to HK increased, while the amount
of intracellular VDACI that bound to Bax decreased (Fig. 4B).
We analyzed the apoptosis of 293T-TAU441 cells treated with
an MF (16 T) for 6 and 24 h (Fig. S7 and Fig. 4). In the early
stage of apoptosis, Bax opens mitochondrial VDAC 1, changes
the membrane potential, and releases various proapoptotic fac-
tors. Therefore, we used JC-1 to detect membrane potential
changes and quantified them by detecting green and red fluo-
rescence intensities. The results showed that an MF (16 T)
increased the fluorescence of the mitochondrial membrane
(Fig. 4C), indicating that the damage was significantly reduced.
Arsenite promotes the production of mitochondrial reactive
oxygen species (ROS) [52]. Excessive ROS can induce the open-
ing of mitochondrial membrane pores, thus releasing cytochrome
C and apoptosis-inducing factors and enabling caspase-9 to
activate caspase-3/6/7. Regulation of ROS has been used to treat
various diseases [53]. A decrease in the intracellular ROS content
(Fig. 4D) was observed with the MF (16 T) as compared to that
without the ME The activity of intracellular caspase-3 in 293T-
TAU441 cells was significantly reduced under the MF (16 T) for
24 h (Fig. 4E), showing that the MF (16 T) reduced apoptosis.
Consistent with the results of an enzyme activity assay, the MF
(16 T) reduced the expression of the active form of caspase-3
and inhibited the cleavage of the substrate protein poly ADP-
ribose polymerase (PARP-1) degraded by activated caspase-3
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(Fig. 4F). The MF (16 T) reduced the number of early apop-
totic cells, as shown by an Annexin V-phycoerythrin (PE)
analysis (Fig. 4G).

To further confirm the observations, we constructed another
cellline, SK-N-SH-TAU441, and experimentally examined the
effect of the MF (16 T) on cell apoptosis during LLPS. After
overexpression of Tau-441, LLPS was induced in the cells. The
effect of the MF (16 T) on apoptosis was also analyzed at 6 and
24 h. This experiment resulted in the same conclusion, that is,
the MF (16 T) inhibited apoptosis of SK-N-SH-TAU441 cells
at 6 h (Fig. S8) and 24 h (Fig. S9).

Discussion
How does an MF affect the LLPS of Tau-441?

Fundamentally, there are several possible mechanisms for
understanding the effect of an MF on LLPS.

MF effects from the perspective of energy: MFs show
discernable effects on a phase-separated droplet when its
size is sufficiently large

Every substance has a magnetic free energy E,,,, under the
action of an ME and when the components involved in the
phase transition have the same magnetism, the change in E,
is written [54]:

_AyVB? X
mag = T, (1)

E

assuming that the energy of a phase-separated droplet under
an applied MFis E, ..

where V is the volume of the droplet, B is the applied ME, Ay
is the difference in the magnetic susceptibility between the
phase-separated droplet and the surrounding bulk solution,
and y, is the magnetic permeability in vacuum.

The phase-separated droplet is subjected to both thermal
energy and MF effects. To ensure that the MF exerts a discern-
able effect on the droplet, the energy of the droplet in the MF
must overcome the thermal energy k; T, i.e., E,,, > kpT:

mag

AyVB?
2p

> kgT (2)

where kj is the Boltzmann constant, and T is the temperature.
Replacing the droplet volume V' with the droplet size r, we have:

v Ax(5er B

> kT 3)
2p 249
From Eq. 3, we can derive the following formula:
1
S3pgkgT \ 3
e (4)
2w A yB?

Equation 4 shows that, when the size of the droplet exceeds
a critical value r,, discernable effects due to the MF will occur.
If the droplet size is too small (smaller than r,), then the MF
effect may not be observable.

We can estimate the critical size of the droplet from Eq. 4. The
magnetic susceptibility difference Ay between the droplet and
the surrounding environment can be measured experimentally
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(Ay=1.2x10"%see “Supporting method 2” in the Supplementary
Materials). If we choose the temperature T = 310.15 K (37 °C)
and use the constants ky = 1.380649 x 10~ J/K and p, = 4 X
1077 N/A2 then in the case when B = 16 T, r, = 20.3 nm and
when B=0.48 T, .= 210.2 nm, it can be seen that the stronger
the ME the smaller the critical size of the droplets.

The above theoretical derivation shows that the MF can
interfere with the LLPS process when the phase-separated
droplet size is sufficiently large. If the droplet size is too small,
then the thermal energy will disrupt the MF effect so that no
discernable difference from the MF is observed. This effect can
explain why the experimental conditions were only slightly
different but the results are quite different, thus triggering the
controversy over the MF effect on biological systems.

MF effect from the perspective of forces: Forces due to MF
can slow the LLPS process

1. Lorentz force

MFs are known to act on charged particles. When its direc-
tion of motion is not parallel to the direction of the MFE, the
charged particles are subjected to a Lorentz force. Biological
macromolecules (such as Tau-441, HK, and Bax) and biomo-
lecular condensates (phase-separated droplets) can be consid-
ered as charged species. Under the influence of a Lorentz force,
the direction of motion of the charged particles will deviate. In
the case in which a charged particle enters perpendicular to a
uniform ME, the radius of the deviation path, r, can be deter-
mined on the basis of the following equation:

_my

r=22
qB

(5)

where m is the mass of the particle, v is the particle velocity, g
is the electric charge, and B is the MF. We can roughly estimate
the radius of the deviation path and thus predict what may
happen when the MF affects the motion of the macromolecules.
In the case of Tau-441, the molecular weight is 43 kDa, the net
charge is about +8 [55], and the velocity v =7.7 m/s, according
to the prediction equation for the instantaneous velocity of a
Brownian particle [56] at temperature T' = 310.15 K (37 °C).

y— /el (6)
m

Here, when in the MF, B =16 T and the radius r = 26.8 pm.
This radius is comparable to the size of a cell, indicating that
the MF can influence the motion of the charged macromole-
cules, thus affecting their physical properties. Because of devi-
ation of the macromolecules, their diffusion will be slowed
down, and thus, the diffusion coeflicient decreases. This phe-
nomenon has been observed experimentally [57]. On the basis
of published experimental data [57], we can estimate the diffu-
sion coeflicient of a model protein, lysozyme. The estimated
diffusion coeflicient of lysozyme in an MF of 6 T is about D,, =
1.60 X 107 m?%/s, and in the absence of an MF, D = 1.84 X
107"" m?/s. The quantitative results confirmed that the diffusion
coefficient of macromolecules was reduced by the ME. According
to the Stokes—Einstein equation, viscosity increases in the pres-
ence of an ME This assumption was also observed in in situ
experiments [58]. It is also known that the solution viscosity is
inversely proportional to the phase separation process [37].
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Increasing viscosity suppresses the LLPS. Hence, the entire
LLPS process of Tau-441 is affected by the Lorentz force.

We also measured the viscosity of a Tau-441 solution after
treatment with and without an MF (16 T). It was found that
the viscosity of the solution was higher after treatment with an
MF (16 T) than without an MF (Fig. 2I), indicating that, in the
absence of an MF, LLPS was enhanced, and hence, the bulk
solution was diluted, resulting in a lower viscosity. This result
is consistent with the reported phenomena observed for cyto-
plasmic viscosity in the cells of patients with AD. The research-
ers found a decrease in cytoplasmic viscosity in the hippocampus
of patients with AD and AD mouse models [59] and also found
a positive correlation between decreased cytoplasmic viscosity
and AB-amyloid aggregation.

Because the cell is very small, the mass transfer inside is
basically diffusive [60]. When the diffusion coefficient decreases,
the molecular transport process slows down, which, in turn,
slows down the phase separation process that requires molec-
ular diffusion to aggregate biological macromolecules into the
concentrated liquid phases (i.e., the phase-separated droplets).
Therefore, MFs have a physical basis for slowing down the LLPS
of biological macromolecules.

In addition to their effects on diffusivity and viscosity, MFs
also affect the motion of phase-separated droplets. The phase-
separated droplets can be also considered as charged particles,
which move in an MF and are also subjected to a Lorentz force.
The Lorentz force slows the movement of these droplets, thereby
reducing the chance of collisions between the droplets. Because
coalescence resulting from collisions is a very important means
by which the droplets grow in size, fewer collisions mean fewer
chances for the growth. Therefore, we observed in the experi-
ment that the size of the phase-separated droplets observed in
the MF was smaller, more uniform, and distributed in a nar-
rower range as compared with that of the droplets not exposed
to the MF (16 T) (Figs. 2F and 3D).

2. Magnetic force

In addition to the Lorentz force, all substances are subjected
to a magnetic force in a gradient ME. The magnetic force can

be obtained using the following equation:
Fr=vZp28 %

Hy 0X

where F, is the magnetic force in the direction of z, V is the
volume of the object, y is the volume magnetic susceptibility, u,
is the magnetic permeability in a vacuum (which is a constant),
and B is the MFE. Note that this force is only generated when
there is a gradient in the MF. In reality, MF gradients are ubiq-
uitous. Therefore, the magnetic force should be considered. As
discussed above, the magnetic force has an effect if the droplet
size is sufficiently large. In an ME, the droplets cannot move as
freely as they do in the absence of an MF when the droplet size
is sufficiently large; so, the chance of droplets moving and col-
liding with each other is reduced, resulting in smaller and more
uniform-sized droplets of the concentrated liquid phase. This
is another explanation to the more uniform and smaller-sized
phase-separated droplets observed in the MF (Figs. 2F and 3D).

3. Magnetic torque
An object with magnetization M will be affected by a torque T'
in an MF B:

T = —VMBsind (8)
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where V is the volume of the object and 6 is the angle between
M and B.

For a single molecule, M and V are very small, and hence,
the torque will be extremely small, so that the single molecule
does not orient in the ME. However, when molecules are
arranged in a particular way to form a structure, such as amy-
loid fibers, a sufficiently large MF and a sufficiently regular
arrangement of fibers may cause the object to orient in the MF
[61,62]. However, in this study, we focused on the effects of the
MF (16 T) on phase separation, which is mainly concerned
with liquids. Therefore, we tend to believe that an MF does not
affect phase separation through torque.

Indirect evidence for the inhibitory effect of
MF on LLPS

The mechanism of MF inhibiting phase separation was dis-
cussed from the theoretical point of view and verified by direct
experimental results. In addition to the direct results, there is
also indirect evidence found in our study for the effect of an
ME (16 T) on phase separation.

Evidence that phase separation exacerbates secondary
structure transitions

In our experimental studies, we found that phase separation
exacerbated the transition of secondary structures (Fig. 2C). A
possible mechanism is that, under higher concentration con-
ditions, Tau-441 proteins are more likely to interact with each
other, which reduces the energy barrier for structure formation
and then promotes the formation of a f-sheet structure, so that
more obvious secondary structural changes are observed. In
our experimental study, we found that the secondary structure
changes were slowed down in the presence of an MF (16 T)
compared with those in the absence of an MF (Fig. 2C and
Table 1). This result verified that an MF (16 T) inhibited the
phase separation and, thus, inhibited the secondary structure
transition on Tau-441 structure.

Itis hard to influence the protein structure (including higher-
order protein structure) by artificial static MFs (up to 45 T),
because the magnetic energy on the protein molecules exerted
by the MFs is far smaller than thermal energy [54]. This is the
theoretical basis for understanding the structural stability of
protein molecules in static MFs. Another evidence is that there
is no significant impact of MFs on the molecular structure of
proteins as can be concluded from the studies of growing
high-quality protein crystals using high MFs [63,64]. Hence,
the difference in the secondary structure of Tau-441 with and
without MFs shall be caused by other reasons.

In our research, what we have found was that, when the
structure of Tau-441 was changing during LLPS, applying MFs
slowed down that structural change. As stated above, MFs could
not directly change the structure of a single protein molecule;
such slowing down effect shall be caused by magnetic inhibition
of LLPS, as shown in Fig. 2C. On the basis of our results, we
suggest that the LLPS be avoided in sample preparation for
structural determination using NMR.

One more thing needed to point out was that, in our study,
we found that MFs help stabilize the Tau-441 structure. Because
there are always protein structure changes that occur in the
biological systems, this phenomenon may also provide an expla-
nation for some of the biological effects caused by MFs. However
turther research is necessary to clarify the mechanism.

Linet al. 2023 | https://doi.org/10.34133/research.0146

Evidence in liquid-solid phase transition

Further liquid-solid phase transition may occur after LLPS. The
insoluble material obtained after dilution of the phase separation
solution can be considered as the solid component that com-
pletes the liquid-solid transition. The larger the solid fragments,
the earlier the phase separation occurred. The solid fragments
obtained under MF (16 T) conditions were small (without and
with HK; Figs. 2H and 3E, respectively). The results indicate
that the MF (16 T) inhibited the phase separation, thus slowing
down the subsequent liquid-solid phase transition, so that the
solid fragments become smaller.

Theoretical basis and future perspectives of using
MF as a potential tool to intervene with

LLPS-related diseases

AD is not only a complex multifactorial disease but also a met-
abolic disease [65]. Our study found that metabolic disorders
in patients with AD may be associated with decreased HK activ-
ity because of the recruitment of HK by the LLPS of Tau-441.
As a rate-limiting enzyme of glucose in the glycolysis pathway,
a decrease of HK activity will cause the accumulation of glucose
and lead to diabetes. Moreover, glucose, as the main energy
source, cannot enter the glycolysis pathway to provide sufficient
energy for cells, causing metabolic disorders of glucose, amino
acids, and fatty acids in cells. Furthermore, in addition to the
catalytic activity of the enzyme, HK is an effective pro-survival
factor and can also antagonize apoptosis in the mitochondrial
pathway. A decrease of HK activity can induce Bax-induced
apoptosis. Thus, the decreased HK activity induced by Tau-441
LLPS plays an important role in apoptosis. In turn, HK in the
solution drove Tau-441 LLPS. This puts Tau-441 LLPS and HK
recruitment into a vicious circle. In our work, it was found that
an MF (16 T) significantly inhibited the phase separation of
Tau-441, which inhibited HK binding to Tau-441. Hence, the
amount of HK competitively bound to VDAC I increased, lead-
ing to a decrease of VDAC I bound to Bax. In contrast, the
induction of neuronal intrinsic apoptosis completely depends
on the activation of Bax [66]. These results subsequently lead
to a possible connection between Tau-441 phase separation and
apoptosis. Furthermore, it has been reported that caspase-3/6
cleaved Tau at Asp421 to a more toxic form [67,68]. We have
observed in this study that inhibition of caspase-3 activity with
an MF (16 T) further reduced the deterioration of Tau and
consequent cytotoxicity. Thus, an MF (16 T) can reduce cell
apoptosis, which is rooted in the inhibition of Tau-441 LLPS.
These inferences provide a theoretical basis for the possible
application of MFs in clinical AD treatment.

In this study, we found that an MF (16 T) effectively inhib-
ited the phase separation of Tau-441. This discovery sug-
gested that we can make full use of this phenomenon in the
treatment of LLPS-related diseases, such as AD as discussed
above. In fact, interesting magnetobiological effects have
always been compelling phenomena. However, for a long
time, most of the phenomena have not been explained clearly
by physical mechanisms, making these phenomena myste-
rious and difficult to understand, and some effects were even
considered as pseudoscience. Using phase separation as a
bridge for the first time, we found that an MF (16 T) can
affect physiological or pathological processes by affecting the
LLPS process, which provides an understandable explanation
for the biological effect of MFs and also provides a theoretical
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basis for the use of MFs in the treatment of LLPS-related
diseases.

MFs have great advantages as a potential physical therapy.
First, MFs have strong tissue penetration. Most human tissues
are diamagnetic. When an MF penetrates a tissue, there is
almost no attenuation. This allows the MF to act on the deep
tissues of the human body. Second, an MF is noninvasive and
painless. The well-known repetitive transcranial magnetic stim-
ulation technology takes full advantage of these features, which
is now widely utilized in the clinical treatment of neurological
diseases. MF in a suitable flux density range is safe for biological
systems. The safety of the static MF (0 to 8 T') has been certified
by the World Health Organization (https://www.who.int/
publications/i/item/9241572329). This physical environment is
harmless and even beneficial in most cases. Finally, permanent
magnets can be used in magnetic therapy. We have studied the
effect of a 0.48-T permanent magnet on the phase separation
process of Tau-441. The results showed that, although the effect
0f 0.48 T was not as obvious as that of 16 T, the phase separation
of Tau-441 was also effectively suppressed by 0.48 T (Fig. 2D to
G). Therefore, it is feasible to use permanent magnets for prac-
tical magnetic therapy. Compared with the superconducting
magnets, permanent magnets have the advantages of high sim-
plicity, convenience, low cost, and no energy consumption.

This study provides a theoretical basis for the use of MFs to
intervene in LLPS-related diseases. In the future, research on
MEF effects on LLPS can be further explored. New solutions may
be found for the treatment of more LLPS-related diseases. In
addition, the MF, as a representative of physical environments,
demonstrated an influence on the LLPS process. Other physical
environments, such as sound, light, electricity, force, and tem-
perature, may also have potential effects on the LLPS process.
Therefore, by studying the influence of these physical environ-
ments on the LLPS processes, it is expected that effective solu-
tions to deal with LLPS-related diseases will be found.

Materials and Methods

MF application
The MF in this study was provided by a 16-T superconducting
magnet (JMTA-16T, JASTEC Inc., Tokyo, Japan) [69]. Samples
were placed into a sample holder and then inserted into the mag-
net bore; the temperature of which was controlled at 310.15 K by
circulating temperature-controlled water from a water bath cir-
culator (Polyscience 9712, Warrington, PA, USA) with a remote
temperature sensor placed at the location of the sample [70].
The same environmental condition (sample holder inserted
into a temperature-controlled cylindrical space) without the
MF was also built and used for placing the control samples.
The 0.48-T MF in this study was provided by a permanent
magnet apparatus [71]. The apparatus was a pair of cylindrical
permanent magnets (NdFeB) with the south pole of one magnet
facing right above the north pole of the other magnet. An iden-
tical control apparatus (also with a pair of cylindrical NdFeB
objects, but not magnetized) was set next to the magnetic pair.
An iron plate was placed between the 2 apparatuses to provide
magnetic shielding. Both apparatuses were fixed into a sealed
chamber, the temperature of which was controlled at 310.15 K
by a circulating bath water using a water bath circulator
(Polyscience 9712, USA). A flow of 5% CO, was introduced
into the chamber during experiments. Samples were placed
into a sample holder, which was fixed between the permanent
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magnets. The magnetic field at the sample position was meas-
ured using a gauss meter (421 Gaussmeter, LakeShore Inc.,
Columbus, OH, USA).

A schematic illustration of the magnet systems and the mag-
netic field distribution are shown in Fig. S4.

Expression and purification of recombinant
Tau-441 protein

The expression and purification of recombinant Tau-441 pro-
tein were performed according to the method described as a
supplementary method (see “Supporting method 1” in the
Supplementary Materials). The highly purified Tau-441 protein
was used for the LLPS solution experiments.

Solution preparation and induction of LLPS

A Tau-441 protein solution (10 pM) was prepared by dissolving
the protein into a buffer solution (150 mM NaCl, 10 mM
4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (Hepes),
2 mM dithiothreitol, and 0.1 mM EDTA, pH 7.4); this buffer,
hereafter called Hepes buffer in this paper, was used throughout
the entire work. The solution was mixed with 10% PEG8000 to
induce LLPS [25]. The solution was incubated at 310.15 K with
and without MFs.

As a control, the native Tau-441 (10 pM) in the Hepes bufter
solution was prepared and incubated at 310.15 K, without LLPS
induction.

HK was purchased from Shanghai Yuanye Company (Shanghai
Yuanye Bio-Technology Company, Shanghai, China) and pre-
pared as a solution of 0.72 mg/ml with double-distilled water
(ddH,0). Then, HK was mixed with the Tau-441 protein solution
at a volume ratio of 1:9. After that, the mixed solutions with and
without added 10% PEG8000 were placed inside and outside of
the magnet at 310.15 K.

Cross-linking of phase-separated droplets

The Tau-441 (10 pM) solution in Hepes buffer with 10%
PEG8000 was incubated inside and outside MFs for 4 h. The
phase-separated droplets formed in the solution were cross-
linked and fixed by adding 1% glutaraldehyde [72] and incu-
bated at 310.15 K for 6 h and then centrifuged at 5,000 g for
5 min. The supernatant was discarded, and the ions in the solu-
tion were removed by repeated washing with ddH,O. The fixed
phase-separated droplets were examined using an optical micro-
scope (Nikon ECLIPSE Ti2-E, Tokyo, Japan). The droplet sizes
in the captured photos were analyzed by Image] software.

Turbidity analysis

Tau-441 (10 uM) solutions in Hepes buffer and with different
treatments were incubated at 310.15 K for 4 h. The OD , (opti-
cal density at 400 nm) values of the samples at 200 pl were meas-
ured using an Epoch spectrophotometer (BioTek, Winooski,
VT, USA) [14]. The turbidity of the Tau droplets in 200 pl of
solution was measured using a 96-well plate.

DLS analysis

Tau-441 (10 pM) solutions in Hepes buffer and with different
treatments were incubated at 310.15 K for 4 h. DLS analyses
were performed using a particle size analyzer (Zetasizer Nano
7S/ZEN3600, Malvern Instruments Limited, UK). The sizes
were obtained from the statistical average of 4 independent
experiments.
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CD spectroscopy analysis

Tau-441 (10 uM) solutions in Hepes buffer and with different
treatments were incubated at 310.15 K for 4 h. The change of
the secondary structure content of protein determined by CD
was analyzed quantitatively. The spectropolarimeter (Chirascan,
Applied Photophysics Ltd., Surrey, UK) was used to monitor
the CD spectrum in the far ultraviolet range (200 to 260 nm).
The experiment was repeated 3 times. DichroWeb software was
used to deconvolve the spectra, and the results of secondary
structure contents were obtained.

Viscosity analysis of the Tau-441 protein solution

It is known that the viscosity is inversely proportional to the inci-
dence of LLPS. To examine the effect of an MF (16 T) on solution
viscosity, the Tau-441 protein (10 pM) solution with 10%
PEG8000 was treated with and without an MF (16 T) for 24 h.
An NJ-9S viscometer (Shanghai Pingxuan Science Instrument
Co. Ltd., Shanghai, China) with a rotor was used to measure the
viscosity of the Tau-441/PEG solution with the spindle number
at 0 and the torque at 60 rpm.

MF effect on the Tau-441 LLPS

Tau-441 (10 uM) in a buffer solution (150 mM NaCl and
10 mM Hepes (pH 7.4)) was incubated at 310.15 K for 24 h,
with and without an MF (16 T).

A 10% PEG8000 solution was added to a Tau-441 (10 pM)
solution in Hepes buffer to induce LLPS and incubated at
310.15 K for 24 h with and without MFs (0.48 and 16 T).

A Tau-441 (10 pM) solution was added to 10% PEG8000 in
Hepes buffer to induce LLPS. After that, HK was added, and
the mixed solutions were placed inside and outside the 16-T
magnet at 310.15 K for 24 h. The change in the -sheet content
of the samples was measured on the basis of the fluorescence
spectra.

ThT is a B-sheet binding dye and can label Tau-441 to mon-
itor the LLPS reactions. ThT (0.8 mg/ml) was added to the sam-
ple solutions and incubated for 2 min. The fluorescence spectra
(460 to 550 nm) were recorded with a fluorospectrophotometer
(F-4500, Hitachi, Tokyo, Japan) with an excitation wavelength
of 440 nm. The test samples with Tau-441 were incubated with
and without an MF for 24 h.

FTIR for studying the interaction between

Tau-441 and HK
A Tau-441 (10 pM) solution was added to 10% PEG8000 in
Hepes buffer to induce LLPS. After that, HK was added, and
the mixed solutions were placed inside and outside the magnet
(16 T) at 310.15 K for 24 h. The interaction between Tau-441
and HK was studied using the FTIR spectra in situ in real time.

The native Tau-441 (10 pM) in a buffer solution (150 mM
NaCl and 10 mM Hepes (pH 7.4)) was prepared and incubated
at 310.15 K. The FTIR spectra in situ in real time were used to
study the change of native Tau-441.

A Vertex 70 spectrometer (Bruker Optics Inc., Ettinger,
Germany) was used to measure the FTIR spectra of the sam-
ples. The spectral range from 500 to 4,000 cm™" was recorded.

AFM observation

The phase-separated solutions were diluted using ddH,0
(18.3 MQ) at the volume ratio 1:10,000. A drop of the diluted
solution (1 pl) was dispensed on a polished silicon wafer
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using a pipette. The drop was blotted with a filter paper to
remove excess solution and washed 3 times with ddH,O.
After that, the samples were dried in air. Finally, the particles
left on the silicon wafer were scanned using an AFM (Pico
Plus 4500, Agilent, Santa Clara, CA, USA).

The imadjust function in MATLAB was used to process the
AFM images. The linear mapping range was set to [255 x 0.4,
255 x 0.7] to remove the background noise, and the number
of particles in the AFM images was statistically analyzed.

Cell culture

293T and SK-N-SH cell lines were purchased from Kunming
Cell Bank. The 293T cells were cultured in high-Dulbecco's
modified Eagle's medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin at 310.15 K and 5% CO,.
The SK-N-SH cells were cultured in SK-N-SH cell-specific
medium (iCell-h194-001b, iCellbioscience, Shanghai, China)
at 310.15 K and 5% CO,.

Construction of transgenic cell lines

overexpressing Tau-441

293T cells were transfected with a plasmid containing the MAPT
gene (encoding full-length human Tau) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), according to the man-
ufacturer’s instructions, and were incubated with 3 pg/ml of
puromycin for 14 d. The selected monoclonal culture was
verified with Western blotting. A lower dose of puromycin
(1.5 pg/ml) was used for further cell culturing. The stably
transfected cell line was named 293T-TAU441. 293T cells
were used as a control.

SK-N-SH cells were transfected with a plasmid containing
MAPT (full-length human Tau) using Lipo 6666 (MF769-02,
Mei5 Biotechnology Co. Ltd, Beijing, China) according to the
manufacturer’s instructions. The transfected cell line was named
SK-N-SH-TAU441. SK-N-SH cells were used as a control.

Arsenite induction of the Tau-441 LLPS in cultured

cells and experimental grouping of cells
Cells were treated with 0.5 mM arsenite for 0.5 h to induce
cellular LLPS, as previously reported [28].

Cells were divided into 2 groups: one group overexpressed
MAPT and was treated with and without arsenite to induce
LLPS and the other group was treated with 0.5 mM arsenite for
0.5 h and then cultured with and without an MF (16 T) for 6
or 24 h, with the original cells as controls.

Caspase-3 activity assays

293T-TAU441 cells were incubated in 1 well of a 6-well plate.
After culturing for 24 h, arsenite was added to the cells. Then,
the cells were replaced with a fresh medium and placed inside
and outside an MF (16 T) for 6 or 24 h. The activity of caspase-3
was quantified using a caspase-3 activity assay kit (C1115,
Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s instructions. The standard curve was estab-
lished by using the pNA standard. The collected cells were lysed
with buffer for 15 min and then centrifuged at 12,000 g for
15 min at 277.15 K. After collecting the supernatant, Ac-DEVD-
PpNA (2 mM) was added, and the lysate was incubated at 310.15 K
for 2 h. The measurements were then performed using an
enzyme labeling instrument at 405 nm (BioTek). The protein
concentration was detected by the Bradford method.
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Cell apoptosis assays

Cell death was quantified using an Annexin V-PE apoptosis
detection kit (C1065, Beyotime Biotechnology, China) accord-
ing to the manufacturer’s instructions. The cells were centri-
fuged at 1,000 g for 5 min, the supernatant was discarded,
195 pl of Annexin V-PE binding solution was added, and the
cells were gently resuspended. Finally, 5 pl of Annexin V-PE
was added. The resulting aggregates were measured with a
fluorescence spectrophotometer (F-4500, Hitachi, Japan) at
564-nm excitation and 575-nm emission wavelengths.

Assessment of the cellular mitochondrial

membrane potential

The changes of mitochondrial membrane potential were detected
using a JC-1 mitochondrial membrane potential detection kit
(M8650, Beijing Solarbio Science & Technology Co. Ltd, Beijing,
China). Cells were treated with 0.5 mM arsenite for 0.5 h and
then cultured with and without an MF (16 T). The cells were
incubated with JC-1 at 310.15 K for 20 min. The aggregates rep-
resented by red fluorescence were measured with a fluorescence
spectrophotometer (F-4500, Hitachi) at 585-nm excitation and
590-nm emission wavelengths, and the monomers represented
by green fluorescence were measured at 515-nm excitation and
529-nm emission wavelengths.

ROS analysis

The levels of intracellular ROS were analyzed by using a ROS
assay kit (S0033, Beyotime Biotechnology, China). The 2',7'-
dichlorodihydrofluorescein diacetate solutions were diluted
using the culture medium at a volume ratio of 1:1,000. The cells
were incubated in a cell incubator for 20 min at 310.15 K and
5% CO,. Then, the cells were washed 3 times with a medium. A
fluorescence spectrophotometer (F-4500, Hitachi) was used to
measure the intracellular fluorescence intensity. The excitation
wavelength was 488 nm, and the emission wavelength was
525 nm. The experiment was conducted 3 times independently.

Enzyme activity and compound content assays

After induction by arsenite for 0.5 h, the cells were cultured
with and without an MF (16 T). The cells were washed 3 times
in 1X phosphate-buffered saline. After trypsin digestion, the
cells were lysed on ice for 30 min. After centrifuging the lysed
cells at 2,000 g for 10 min, the supernatant was collected for
enzyme activity and compound content analyses. The activity
of HK was determined using commercial kits (A077-3-1,
Hexokinase Assay Kit, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The concentrations of glucose
6-phosphate (G6P, S0185, Beyotime Biotechnology) and glu-
cose (A154-2-1, Nanjing Jiancheng Bioengineering Institute)
were also determined using commercial kits. The results were
normalized to protein content.

Co-IP assays

The cell supernatant was collected as in previous experiments
and was quantified with the BCA method. Cell lysates were
incubated with protein A/G magnetic beads (HY-K0202,
MedChemExpress, Shanghai, China) combined with anti-
Tau antibody (2 pg; sc-32274, Santa Cruz Biotechnology Inc.,
CA, USA), anti-VDAC I antibody (2 pg; AF1027, Beyotime
Biotechnology), or immunoglobulin G (2 pg; 30000-0-AP,
Proteintech, Wuhan, China) for 1 h at room temperature. The
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beads were washed and heat-denatured at 368.15 K for 5 min
in sodium dodecyl sulfate polyacrylamide gel electrophoresis
loading buffer before Western blotting analysis.

Western blotting assays

The proteins were separated in a sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gel and transferred onto a poly-
vinylidene fluoride membrane (Millipore, MA, USA) by wet
transfer at 100 V. For immunodetection, the membrane was
blocked for 1 h at room temperature with 5% bovine serum
albumin, incubated with the primary antibody overnight at
277.15 K, and then incubated with the secondary antibody for
2 h at room temperature. The primary antibodies included anti-
Tau (1:100; sc-32274, Santa Cruz Biotechnology Inc.), anti-HK1
(1:1,000; 19662-1-AP, Proteintech, Wuhan, China), anti-VDAC
I (1:1,000; AF1027, Beyotime Biotechnology), anti-Bax (1:200;
sc-7480, Santa Cruz Biotechnology Inc.), anti-PARP-1 (1:200;
sc-8007, Santa Cruz Biotechnology Inc.), anti-caspase-3 (1:1,000;
96628, Cell Signaling Technology, MA, USA), and anti-p-actin
(E-AB-48018, Elabscience, Wuhan, China). The secondary anti-
bodies included anti-mouse secondary antibody (HS201-01,
TransGen Biotech, Beijing, China) at a 1:1,000 dilution or
anti-rabbit secondary antibody (HS101-01, TransGen Biotech)
at a 1:1,000 dilution. The signals were detected via chemilumi-
nescence (Tanon, Shanghai, China).

Homology modeling of Tau-441

The protein sequence of Tau-441 was obtained from the National
Center for Biotechnology Information database. The homology
model of the server-generated Tau-441 was constructed by the
I-TASSER online protein modeler. I-TASSER is a template for
automated homologous modeling. The server generates a large
number of conformation sets in the initial stage of modeling.
Then, the Spike program constructed on the I-TASSER server
clustered all conformations according to their structural simi-
larity. Finally, the server created 5 homologous models of Tau,
which represented 5 structural clusters. The structures gener-
ated by I-TASSER were analyzed on the basis of the C score and
the estimated TM score. A high value represents a high relia-
bility model. The Tau models with the best C score, TM score,
and clustering density were selected for further study.

Molecular docking and calculation of binding energy
HK (1DGK), VADC I (6G73), and the MTBR domains of Tau-
441 (7P6B) were selected from the PDB (RCSB Protein Data
Bank; https://www.rcsb.org/) database. PyMOL software was
used to remove water, glucose, ADP, and phosphate ions from
HK. The VDAC I and MTBR domains of the Tau-441 polymer
were decomposed into monomers using the same software.
ZDOCK online software was used to analyze molecular dock-
ing. ZDOCK software generated the top 10 predictions accord-
ing to the free energy gains. Amino acid interactions (hydrogen
bonds and hydrophobic interactions) in the protein—protein
interactions were analyzed using LigPlot software. The solva-
tion free energy gain was calculated using PDBePISA online
software.

Statistical analysis

All data in this study were expressed as means + SEM. Differences
between 2 groups were analyzed by Student’s unpaired ¢ tests.
Differences between multiple groups were analyzed by analysis
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of variance. Differences were considered as statistically signifi-
cant when P < 0.05.
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