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Abstract

Alzheimer's disease is a progressive fatal neurodegenerative disease with no

cure or effective treatments. The hallmarks of disease include extracellular

plaques and intracellular tangles of aggregated protein. The intracellular tan-

gles consist of the microtubule associated protein tau. Preventing the patholog-

ical aggregation of tau may be an important therapeutic approach to treat

disease. In this study we show that small heat shock protein 22 kDa (Hsp22)

can prevent the aggregation of tau in vitro. Additionally, tau can undergo

liquid–liquid phase separation (LLPS) in the presence of crowding reagents

which causes it to have an increased aggregation rate. We show that Hsp22

can modulate both the aggregation and LLPS behavior of tau in vitro.
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1 | INTRODUCTION

Tau aggregation is a hallmark in Alzheimer's disease
(AD) and promotes neuronal loss and cognitive
decline.1–5 Additionally, there are several other disorders
characterized by aberrant tau aggregation referred to as
tauopathies, such as frontotemporal dementia.6,7 When
tau aggregates it forms a structure distinguished by
β-sheets that form long fibers and promote misfolding of
other protein species known as amyloid.8 While it has
long been recognized that hyperphosphorylation of tau

can cause it to dissociate from microtubules and facilitate
self-interaction which can lead to aggregation,9 the exact
mechanism that causes tau to become pathological has
remained enigmatic. In addition to tau hyper-
phosphorylation driving aggregation, it was recently dis-
covered that tau can undergo liquid–liquid phase
separation (LLPS) which can initiate its aggregation and
cause it to seed the aggregation of other proteins.10 Strat-
egies used to reduce tau aggregation and increase degra-
dation of aberrant species have been shown to be
effective in restoring cellular functioning and cognitive
decline in AD animal models.11,12

One strategy to mitigate tau aggregation is to increase
the expression of specific chaperone protein involved in
maintaining cellular proteostasis.13–18 Depending on the
chaperone protein, it can lead to an increase or decrease
in tau loads and aggregation.13,14,16–19 Additionally,
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modifications to chaperone proteins can cause them to
have an increased ability to chaperone tau, or conversely,
lose the ability altogether.19

Small heat shock proteins (sHsp) are a class of molec-
ular chaperones identified by their low molecular mass
(12–43 kDa), lack of ATPase domain, and core
α-crystallin domain.20–25 sHsp 22 kDa (Hsp22) is a
21.6 kDa sHsp that has been shown to have chaperone-
like activity in vitro and has the ability to prevent aggre-
gation of partially denatured or aggregated proteins.26,27

Mutations in the protein, specifically K141E and K141N,
are correlated with the development of distal motor neu-
ropathy Type II28 and Charcot–Marie–Tooth disease type
2 L.29 Hsp22 has been strongly implicated in the removal
of misfolded proteins that are contained in biomolecular
condensates such as stress granules.30 Therefore we pro-
posed that it may be able to access proteins that have
undergone LLPS and prevent their aggregation.

In this study we wanted to determine if 4R0N wild-
type (WT) tau could undergo LLPS, as well as two disease
related mutants, P301L and ΔK280 tau.31 Additionally,
we looked at how tau LLPS effects its aggregation behav-
ior. Lastly, since chaperone proteins have an influence
on the behavior and structure of tau, we wanted to see if
chaperone proteins, namely Hsp22, could affect the LLPS
behavior of tau. We hypothesized that all versions of tau
could undergo LLPS to a varying degree and Hsp22
would be able to modulate this activity.

2 | RESULTS

2.1 | Hsp22 prevents tau aggregation in-
vitro

To investigate the role that Hsp22 has on tau aggregation,
we first purified Hsp22 as well as WT tau and two disease
associated mutants, P301L and ΔK280 tau. In order to
probe if tau aggregation could be altered by Hsp22, we
conducted a thioflavin T (ThT) assay and subsequently
imaged the end products using transmission electron
microscopy (TEM). We used 20 μM of P301L and ΔK280
tau, but chose to use 10 μM of WT tau because it had a
faster rate of aggregation and therefore using less allowed
us to gather more informative data. Tau was induced to
aggregate with heparin and aggregation was followed
over a 72-hr period taking readings every 10 min. Results
showed that Hsp22 was able to reduce aggregation of all
versions of tau tested (Figure 1a).

We then further characterized the aggregation of the
final ThT products by visualizing them using TEM.
Results showed that all three version of tau formed large
fibril structures, but Hsp22 was able to dramatically

reduce the size of tau fibrils. It should be noted that tau
fibrils were still present in the Hsp22 condition but the
size, specifically the width of fibrils, was drastically
reduced (Figure 1b). We then wanted to see if the preven-
tion of tau fibrillation by Hsp22 was from it pushing tau
toward forming oligomeric species, which are arguably
the most toxic and seeding competent tau species.32

Therefore, we subjected the endpoint ThT tau samples to
immunoblotting and probed with an antibody that spe-
cif2ically recognized oligomeric tau. We found that
P301L tau incubated with Hsp22 contained less oligo-
meric tau than in the tau alone condition (Figure 1c).
Taken together, these data indicate that Hsp22 can pre-
vent the aggregation of WT tau and the disease related
mutants P301L and ΔK280 and attenuate the appearance
of heparin induced P301L tau oligomers.

2.2 | Tau phase separates in-vitro

To determine if tau was able to undergo LLPS, we used
crowding agents in order to mimic the crowding condi-
tions of the cell. Fluorescently labeled (488 nm) WT tau,
P301L tau, and ΔK280 tau were mixed with 10% polyeth-
ylene glycol (PEG), the crowding reagent, and were then
visualized via microscopy both in the visible light spectra
as well as by fluorescence. Results showed that all three
versions of tau were able to efficiently undergo phase
transition into droplet like structures (Figure 2a). Addi-
tionally, to ensure phase separation had occurred, we
took absorbance readings at 350 nm which should
increase if tau undergoes LLPS.33 Results confirmed that
all three versions of tau tested had a dramatic increase in
turbidity upon formation of droplets in solution
(Figure 2b). These results indicate that WT tau and dis-
ease related mutants can undergo LLPS in-vitro in the
presence of crowding reagents.

2.3 | Tau phase separation causes an
increase in aggregation rate

The heparin induced aggregation behavior of tau was
assessed via ThT fluorescence. Tau, with and without
10% PEG, was induced to aggregate with 10 μM of hepa-
rin and aggregation was monitored via 10 μM of ThT over
a period of 72 hr with readings taken every 10 min.
Results showed that all version of tau that were tested
had an increased rate of aggregation. However, it should
be noted that the final ThT values for each condition
were not significantly different in the presence of 10%
PEG for ΔK280 tau (Figure S1). These results are not sur-
prising since phase separated proteins are forced into a
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FIGURE 1 Small heat shock protein 22 kDa (Hsp22) prevents tau aggregation in-vitro. (a) Heparin induced tau aggregation, without

and with Hsp22, was measured over 72 hr using thioflavin T (ThT) fluorescence (ex/em 448/482 nm) and the endpoint values were

normalized to tau by itself and plotted (error bars represent standard error of the mean (SEM), unpaired t-test, p values shown, n = 3).

(b) Representative ×20,000 transmission electron microscopy images of the ThT endpoint tau fibrils alone and incubated with Hsp22 at a

20:1 tau:Hsp22 ratio (scale bar = 1 μM). (c) ThT endpoint P301L tau fibrils alone and incubated with Hsp22 at a 20:1 tau:Hsp22 ratio were

blotted onto a nitrocellulose membrane at 200 nM concentration of tau and T22 (for tau oligomers) or tau12 (for total tau) was used to probe

the membrane. The quantitation of the dot blot is presented next to the image of the blot (error bars represent SEM, unpaired t-test,

*p < .05, n = 5)
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more confined area where they have a higher probability
to self-interact and therefore this may facilitate a faster
rate of aggregation.

We next focused on P301L tau's heparin induced
aggregation behavior in the presence of 10% PEG because
it is a highly relevant disease mutant. Using a ThT assay,
we found that all tau concentrations tested (5, 10, and
20 μM) that included PEG increased both the aggregation

rate and maximum ThT values of heparin induced P301L
tau aggregation, although this was not significant for
5 μM tau with 5 or 10% PEG or with 10 μM tau with 5%
PEG (Figure 3a,b). We then took the final ThT tau prod-
ucts and subjected them to microscopy to observe the
amount of ThT staining and to discern if they were phase
separated. We made two separate observations from the
microscopy images. The first was that there was an

FIGURE 2 Wild-type (WT) tau and disease relevant mutants undergo liquid–liquid phase separation (LLPS) and this accelerates their

rate of aggregation. Fluorescently labeled tau was induced to undergo LLPS with 10% polyethylene glycol (PEG). (a) Fluorescent images

were captured to show that WT, P301L, and ΔK280 tau droplets are formed upon the addition of a crowding reagent. (b) The turbidity

(absorbance at 350 nm) was measured for WT, P301L, and ΔK280 tau with and without 10% PEG. (error bars represent standard error of the

mean (SEM), unpaired t-test, ****p < .0001, n = 3). (c) Thioflavin T relative fluorescence was used to measure heparin induced tau

aggregation with and without 10% polyethylene glycol. WT tau was used at a concentration of 10 μM, while the two disease mutants, P301L

and ΔK280 tau, were used at a concentration of 20 μM. Aggregation was monitored over time and results showed that the addition of

crowding reagents, which induce tau LLPS, cause it to have an increased rate of heparin induced aggregation
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increased ThT signal in the presence of PEG and was also
correlated with increasing concentrations (Figure 3c).
The second was that we observed tau LLPS in all condi-
tions that has a significant increase in the maximum ThT
values (Figure 3c). Therefore, we concluded that phase-
separated tau has an increased rate of heparin induced
aggregation as measured by ThT.

2.4 | Hsp22 impacts phase separated tau

Next, we wanted to see if Hsp22 was able to alter the
behavior of P301L LLPS since phase separated tau has an
increased aggregation rate and maximal ThT values. To
do that we mixed P301L tau with Hsp22 at a 20:1 tau:
hsp22 ratio and then induced tau phase transition. Tur-
bidity at 350 nm was measured and showed that P301L

tau was able to phase separate in the presence of Hsp22
(Figure 4a). The tau droplets were then visualized by
fluorescent microscopy. Results showed that Hsp22 cau-
ses a significant increase in the number of tau droplets
observed (Figure 4b). Additionally, tau droplets formed
in the presence of Hsp22 had a trend of being smaller,
but it was not a significant result (Figure 4b).

We also wanted to see if Hsp22 could alter the maxi-
mum ThT values of phase separated P301L tau. To do
this, we used ThT to measure tau aggregation induced
with heparin over time in the presence of 10% PEG. We
did this in the presence and absence of WT Hsp22.
Results showed that Hsp22 can reduce the rate of tau
aggregation in droplets (Figure 4c). Since Hsp22 increases
the number of tau droplets and yet leads to a decrease in
ThT fluorescence compared to tau alone, the interaction
could be increasing the volume of tau that undergoes

FIGURE 3 Phase separated P301L tau has an increased rate of aggregation. Heparin induced P301L tau aggregation was measured in

the absence and presence of the crowding agent polyethylene glycol (PEG), which induced tau droplet formation over 72 hr. (a) Thioflavin T

(ThT) fluorescence (ex/em 448/482 nm) was measured and the endpoint ThT RFU values were plotted for P301L (5, 10, and 20 μM) alone or

with 5 or 10% PEG (error bars represent standard error of the mean (SEM), one-way ANOVA with Tukey's post hoc multiple comparisons

test, *p < .05, **p < .01, ****p < .0001, n = 3). (b) ThT values are also shown over time during heparin induced tau aggregation. (c) Endpoint

ThT samples for P301L (5, 10, and 20 μM) alone or with 5 or 10% PEG were spotted onto coverslips and imaged. Scale bars = 400 μm)
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LLPS while concomitantly preventing aggregation. These
results demonstrate that Hsp22 has an impact on the
LLPS behavior of P301L tau in vitro.

3 | DISCUSSION

There has been a large amount of research aimed at try-
ing to elucidate tau's aggregation kinetics, the structure
of tau aggregates, and pathological consequences of tau

aggregation in the brain.34,35 However, the question of
what the early trigger of tau aggregation is remains elu-
sive. Here we show that WT tau and disease relative
mutants, P301L and ΔK280, undergo LLPS and aggrega-
tion can be triggered by this process, specifically by
speeding up the rate of aggregation. However, there were
several limitations to our study that should be noted
including the use of heparin to induce tau aggregation.
Due to the inherent high solubility of tau in solution, we
chose to use heparin as a tool in induce it's aggregation.

FIGURE 4 Small heat shock protein 22 kDa (Hsp22) wild-type (WT) changes the characteristics of tau droplets. (a) The turbidity

(absorbance at 350 nm) was measured for phase separated tau with and without Hsp22 (error bars represent standard error of the mean

(SEM), one-way ANOVA with Tukey's post hoc multiple comparisons test, ****p < .0001, n = 3). (b) 488-labeled P301L tau droplets were

visualized with fluorescent microscopy in the presence of absence of Hsp22 WT (scale bars = 400 μm). Quantification of droplets size and

number showed that Hsp22 significantly increase the number of phase separated tau droplets and had a trend (non-significant) of decreasing

their size (bars represent SEM, one-way ANOVA with Tukey's post hoc multiple comparisons test, **p < .01; n = 3). (c) Thioflavin T (ThT)

fluorescence of phase separated tau with and without Hsp22 was measured over 72 hr and the endpoint ThT values were plotted (error bars

represent SEM, one-way ANOVA with Tukey's post hoc multiple comparisons test, **p < .01, ***p < .001, n = 3)
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Additionally, while we used a crowding reagent in an
attempt to mimic the crowding conditions in a cell, this
may not be the most accurate picture of what occurs in
physiological or pathological conditions.

Physiologically, tau can undergo LLPS to enhance the
polymerization of microtubules by pulling tubulin dimers
into the confined space of a droplet and once polymeriza-
tion has ensued, tau droplets can dissipate.36 However, it
is conceivable that disease related mutations or patholog-
ical phosphorylation can alter the dynamics of tau drop-
lets and disable them from dissipating or make it more
difficult. Since this would trap tau in the confined space
of the droplet, it is conceivable that this could seed its ini-
tial aggregation. Therefore, the mechanisms of physiolog-
ical tau LLPS should be studied further to determine
what aberrations can lead to loss of dynamics and patho-
logical aggregation. Delineating the mechanisms that
promote aberrations in tau LLPS may lead to the discov-
ery of small molecules or other compounds that can mod-
ulate this process and potentially be of therapeutic value.

Additionally, since chaperone proteins have been
shown to effect tau aggregation,13,15,18 we decided to test
the ability of Hsp22 to prevent tau aggregation in vitro.
Our studies showed that Hsp22 can prevent the aggrega-
tion of tau, both the phase-separated and non-phase-
separated versions (Figure 5). Since Hsp22 can access
proteins that are in phase separated droplets such as those

in stress granules, due to its intrinsically disordered N-
terminal domain,30 it is not surprising that it would be
able to access LLPS tau and have a role in modulating its
aggregation in this state. Future studies should be focused
on determining how chaperone proteins such as Hsp22
can prevent the aberrant aggregation of phase separated
tau, in cells and in vivo, as this could be a potential mech-
anism to combat tau aggregation and therefore could be
posed as a possible therapeutic option to treat tauopathies.

4 | MATERIALS AND METHODS

4.1 | Molecular cloning

WT tau and Hsp22 was generated in lab by insertion into
the multiple cloning site of the pet28a vector, containing
a 6x histidine tag followed by a tobacco etch virus
sequence, as previously described.24,37 Site-directed muta-
genesis was used in order to generate the P301L and
ΔK280 tau mutations in the same pet28a vector. Primers
were designed using PrimerX (https://www.
bioinformatics.org/primerx/) and the mutated sequences
were amplified via polymerase-chain reaction using PFU
Ultra high-fidelity polymerase (Agilent, Santa Clara, CA)
followed by DPNI (New England Biolabs, Ipswich, MA)
digestion.

FIGURE 5 Schematic of tau liquid–liquid phase separation (LLPS) in the presence and absence of Small heat shock protein 22 kDa

(Hsp22). When tau is mixed with a polymer crowding reagent (10% polyethylene glycol [PEG]) it undergoes LLPS which can increase the

rate of aggregation and results in large thioflavin T (ThT) positive tau fibrils. In the presence of Hsp22 and the polymer crowding reagent

(10% PEG), tau also undergoes LLPS but the rate of aggregation is decreased in the presence of Hsp22 and results in some ThT positive

fibrils but not as vast of a population as tau alone. This figure was made using Biorender
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4.2 | Protein expression and purification

E. coli BL21 cells were transformed with 4R0N WT tau,
4R0N P301L tau, 4R0N ΔK280 tau, and Hsp22 plasmids
in a pet28a vector with a 6x histidine tag and tobacco
etch virus (TEV) protease site. The cells were then grown
at 37�C in lysogeny broth (LB) media containing
100 μg/ml kanamycin. Once their OD600 reached 0.8 the
cells were induced with 1 mM of IPTG (Gold Biotechnol-
ogy, Olivette, MO) for 3 hr. Centrifugation at 5,000 g for
15 min was used to harvest the cells, which were then
resuspended with nickel chromatography running buffer
(20 mM Tris–HCl pH 8.0, 500 mM NaCl, 10 mM Imidaz-
ole) containing protease inhibitors. The cells were then
lysed using a freeze–thaw cycle followed by sonication.
The lysed cells were centrifuged at 50,000 g for 1 hr at
4�C. The supernatant was affinity purified using a stan-
dard gravity column packed with HisPur Ni-NTA Resin
(Fisher Scientific, Waltham, MA). The eluted fractions
were treated with TEV protease for 4 hr at room tempera-
ture then dialyzed back into nickel chromatography run-
ning buffer overnight. A second nickel purification
column was run and the efficiency of the TEV cleavage
was assessed by sodium dodecyl sulphate–polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Coomassie
staining. For the tau constructs, size exclusion chroma-
tography was performed using a HiLoad 16/600 Superdex
200 pg column. Fractions containing >95% pure tau were
pooled and concentrated. The concentrated protein was
then aliquoted, flash frozen with liquid nitrogen, and fro-
zen at −80�C until use.

4.3 | Fluorescently labeling recombinant
proteins

An Alexa Fluor 488 protein labeling kit (Fisher, Cat#
A10235/A10239) was used to label recombinant proteins,
which randomly labels primary amines, according to the
manufacturer's instructions. Briefly, recombinant pro-
teins were concentrated to 10 mg/ml. They were then
dialyzed into 100 mM sodium bicarbonate buffer pH 8
overnight. Following dialysis, 1 vial of reactive dye was
added to 1 ml of 10 mg/ml protein and allowed to react
at 37�C for 1 hr. After 1 hr, the reaction was quenched by
adding 100 μl of 100 mM glycine buffer pH 8. The pro-
teins were then subjected to 10 rounds of buffer exchange
into 50 mM sodium phosphate pH 8 to get rid of residual
dye. The degree of labeling was determined by measuring
the absorbance of the conjugate solution at 280 and
494 nm in a cuvette with a 1 cm pathlength and the pro-
teins were then aliquoted and flash frozen and stored at
−80�C until use.

4.4 | Thioflavin T fluorescent assays

Recombinant tau and Hsp22 proteins were dialyzed into
100 mM sodium acetate buffer pH 7 overnight. The
amount of 20 μM of P301L and ΔK280 tau or 10 μM of
WT tau was mixed with varying amounts of Hsp22 as
well as 10 μM heparin and 10 μM ThT. The amount of
100 μl of each condition was loaded onto 96-well black
clear-bottom plates (Fisher, Cat#07-200-525) in triplicate.
Fluorescence was then read at 440 nm excitation and
482 nm emission every 10 min over a 72-hr period using
a BioTek Synergy H1 plate reader.

4.5 | Transmission electron microscopy

The amount of 10 μl of the end products of the ThT assay
were adsorbed onto prewashed 200 mesh formvar/car-
bon-coated copper grids for 5 min. The grids were
washed with water (10 μl) two times, stained with filtered
2% uranyl acetate (10 μl) for 1 min, then dried and kept
in a desiccation chamber. The samples were analyzed
with a JEOL 1400 Digital TEM, and images were cap-
tured with a Gatan Orius wide-field camera at the Elec-
tron Microscopy Core Facility in the College of Medicine
at the University of South Florida.

4.6 | Dot blot assay

The amount of 200 nm of heparin induced tau fibrils
incubated with and without Hsp22 were loaded onto a
wet nitrocellulose membrane using a dot blot apparatus.
The samples were flown through their respective wells
and then each well was washed ×3 with 1 ml of PBS and
the membrane was allowed to dry via vacuum. The nitro-
cellulose membrane was then blocked with 7% non-fat
milk followed by incubation with T22 antibody
(Dr. Rakez Kayed, University of Texas Medical Branch,
Galveston, TX) or Tau12 (Millipore, Cat#MAB2241) then
an HRP-linked anti-rabbit (Cell Signaling, Cat#7074S) or
mouse (Cell Signaling, Cat#7076S) secondary antibody.
The blot was visualized using chemiluminescence and
quantified via densitometry analysis using ImageJ (NIH).

4.7 | Liquid droplet formation and
visualization

Recombinant tau protein was dialyzed into 50 mM
sodium phosphate buffer pH 8 overnight. Droplet forma-
tion was induced by using 10% PEG, in the presence of
1 mM DTT. Tau droplets were observed with an EVOS
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FL M5000 fluorescent microscope using phase contrast
and fluorescence.

4.8 | Turbidity assays

Tau turbidity was measured using absorbance at 350 nm
and was performed using a BioTek Synergy H1 plate
reader.

4.9 | Image analysis and statistics

Quantitative analysis of the tau droplet number and
size was performed using the particle analysis feature of
the ImageJ software (National Institutes of Health).
Quantitative analysis of immunoblots was performed
using ImageJ software's densitometry analysis function.
The statistical significance performed for each analysis
was done using unpaired t-tests or one-way ANOVA
with Tukey's post-hoc tests. Statistical analysis was per-
formed using the GraphPad Prism version 5.02
software.
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