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Abstract

Tauopathies, such as Alzheimer's disease, are characterized by the misfolding
and progressive accumulation of the microtubule associated protein tau. Chap-
erones, tasked with maintaining protein homeostasis, can become imbalanced
with age and contribute to the progression of neurodegenerative disease.
Cyclophilins are a promising pool of underinvestigated chaperones with
peptidyl-prolyl isomerase activity that may play protective roles in regulating
tau aggregation. Using a Thioflavin T fluorescence-based assay to monitor
in vitro tau aggregation, all eight cyclophilins, which include PPIA to PPIH
prevent tau aggregation, with PPIB, PPIC, PPID, and PPIH showing the great-
est inhibition. The low thermal stability of PPID and the strong heparin bind-
ing of PPIB undermines the simplistic interpretation of reduced tau
aggregation. In a cellular model of tau accumulation, all cyclophilins, except
PPID and PPIH, reduce insoluble tau. PPIB, PPIC, PPIE, and PPIF also reduce
soluble tau levels with PPIC exclusively protecting cells from tau seeding.
Overall, this study demonstrates cyclophilins prevent tau fibril formation and
many reduce cellular insoluble tau accumulation with PPIC having the great-
est potential as a molecular tool to mitigate tau seeding and accumulation.
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accumulation of oligomeric and aggregated tau correlates
with increased neuronal loss and disease progression by

The accumulation of misfolded protein is a characteristic
of many neurodegenerative diseases with Alzheimer's
disease (AD) being the most common.' The misfolding of
the microtubule-associated protein tau (MAPT, tau) is
responsible for a group of disorders called tauopathies,
which includes AD, Pick's disease, and frontotemporal
dementia with parkinsonism-17 (FTDP-17).>* In AD, the

"Deceased.

diagnostic Braak staging.* Previous work has shown that
reducing tau levels, both soluble and insoluble, coincides
with improved cognition.” Taken together, this suggests
that regulating tau accumulation may have important
therapeutic benefits for a variety of tauopathies.
Molecular chaperones, such as heat shock proteins
(Hsps), are tasked with maintaining protein homeostasis
and can either exacerbate or inhibit protein accumulation
and toxicity.”” Chaperones are not only limited to
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recognizing distinct misfolded clients but also different
aggregate states, which can be on or off pathway toward
fibril formation. In the case of productive chaperone-client
interactions, chaperones either prevent, disaggregate, or
neutralize toxic species.® Chaperones can be responsible for
the folding and triage of misfolded proteins as part of the
Hsp70/Hsp90 chaperone machinery,’ or can act indepen-
dently, primarily as holding chaperones.'>'! A variety of
chaperones have been shown to regulate tau biology,
suggesting chaperones are promising therapeutic targets for
tauopathies. However, because of the complex and dynamic
nature of the ubiquitous Hsp70/Hsp90 network," chaper-
ones with independent activity may be better suited to
restore tau homeostasis with improved specificity.

Cyclophilins are a family of chaperones with peptidyl-
prolyl isomerase (PPlase) activity that facilitate cis to trans
isomerization and are characterized by their unique sub-
strate specificity to the immunosuppressive drug, cyclo-
sporin A (CsA).'®'” Cyclophilins, consisting of PPIA to
PPIH, PPIA-like (PPIAL3), and PPlase-like (PPIL1-PPIL6)
genes,"® have been shown to prevent aggregation and toxic-
ity of a number of amyloid proteins, such as a-synuclein

and amyloid-p.*'>* Only one cyclophilin, Cyp40 or PPID,
has been studied in the context of aggregated tau. In this
work, PPID was capable of dissolving tau aggregates in vitro
and lowering silver-positive and oligomeric tau species in a
mouse model of tau accumulation.** Taken together, cyclo-
philins are a promising pool of chaperones, which have not
been systematically studied in the context of tau aggrega-
tion, and it is feasible that many cyclophilins, beyond PPID,
play protective roles in regulating tau biology.*

Here, we sought to determine if members of the cyclo-
philin family could inhibit tau aggregation and prevent cel-
lular tau accumulation. The ability to thwart the formation
of new tau aggregates is a characteristic that is distinct from
the previously described disaggregation activity of PPID.
Using a Thioflavin T (ThT) fluorescence-based assay to
monitor in vitro tau aggregation and cellular models to
assess soluble and insoluble tau levels, eight cyclophilins,
PPIA-PPIH, were investigated for their role in regulating
tau aggregation, accumulation, and seeding. Additional bio-
physical properties of each cyclophilin, such as thermal sta-
bility and heparin binding, were also measured as these
properties play important roles in understanding how tau
aggregation is reduced in the presence of each cyclophilin.

2 | RESULTS

2.1 | Cyclophilins inhibit tau aggregation
in a binary protein-protein environment

In order to evaluate how the cyclophilin family regulates
tau aggregation in vitro, recombinant cyclophilins, PPIA-
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FIGURE 1 Cyclophilin family domain architecture. Arrows

indicate constructs designed for expression in E. coli. PPIG is
segmented to indicate amino acids are not drawn to scale. The start
of an individual protein region is indicated by the amino acid
residue designated according to UniProt. RRM, RNA recognition
motif; RS, arginine-serine rich domain; SP, signal peptide sequence;
TPR, tetratricopeptide repeat

PPIH, along with tau 4RON P301L were expressed in E. coli
and purified using nickel affinity chromatography. For
recombinant PPIB, PPIC and PPIF, the signal sequence
was removed to promote proper folding in E. coli,*® yielding
only the PPlase domain and will be referred to as PPIBp,
PPICp, and PPIFp. Recombinant constructs of PPID, PPIE,
and PPIG were similarly designed to express only the
PPIlase domain, hereon referred to as PPIDp, PPIEp, and
PPIGp, in addition to constructs of full-length PPID and
PPIE (Figure 1). All cyclophilins expressed and purified at
sufficient yield (8-60 mg per liter of culture) and purity
(>90% pure by SDS-PAGE gel), except PPIDp, which had a
lower yield (1 mg/L of culture) after purification optimiza-
tion (Figure S1).

Cyclophilins, PPIA-PPIH, were incubated with tau
P301L in a heparin-containing ThT fluorescence-based
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assay at different molar ratios (1:10, 1:1, 10:1 and 25:1) of
tau to cyclophilin over a 72-hr period (schematic shown
in Figure 2a). At 10-fold molar excess of cyclophilin to
tau, all cyclophilins significantly reduce final ThT fluo-
rescence (Figure 2b) and kinetic measurements lack sig-
moidal growth for all cyclophilins except PPIA, which
shows a reduced aggregation rate as evidenced by an
increase in the time to reach maximum signal
(Figure S2a). Equal mixing of tau and cyclophilin was
confirmed by SDS-PAGE gel prior to adding ThT
(Figure S2b). To verify reduced tau aggregation, samples
were separated by centrifugation after the ThT assay and
run on SDS-PAGE gels to assess tau insolubility
(Figure 2a). At 10-fold molar excess, all cyclophilins
reduce insoluble tau by more than 10%, except for PPIA
which showed the least ThT reduction (Figure S3a,b).

At an equal molar ratio of cyclophilin to tau, PPIBp,
PPICp, PPID, PPIDp, and PPIH significantly reduce ThT
signal (Figure 2b) and increase the time to reach half
maximum (Figure 2c), demonstrating reduced total
aggregation and slower aggregation rate, respectively.
Pellet analysis shows significant reduction in insoluble
tau levels by PPIBp and PPIDp with PPIBp also increasing
soluble tau (Figures 2d and S3c). The pellet analysis
agrees with the ThT results where PPIBp caused the most
intense reduction in ThT signal, followed by PPID and
PPIDp, then PPICp, and PPIH. At sub-stoichiometric
ratios of cyclophilin to tau, PPIDp and PPID are the only
cyclophilins that reduce final ThT signal. PPIDp shows
significant reduction at 10:1, tau to cyclophilin, and PPID
shows significant reduction at both 10:1 and 25:1, tau to
cyclophilin (Figures 2b and S2).

2.2 | PPID is thermally unstable

During protein purification, PPID and PPIDp appeared to
be more susceptible to aggregate formation. This observa-
tion was also evident after incubation at 37°C in which
extensive amounts of PPID and PPID; are detected in the
pellet, even in the absence of tau (Figure S3b,c). Thermal
stability of each cyclophilin was measured by differential
scanning fluorimetry (DSF) using SYPRO Orange, a
hydrophobic dye used to monitor protein unfolding dur-
ing a temperature gradient. The melting temperature for
all cyclophilins, except PPID and PPIDp, is between 46—
56°C (Table 1 and Figure S4), consistent with the average
melting temperature of ~52°C for all human proteins
under physiological conditions.>’ In agreement with our
hypothesis and previously published data,”®?° the melt-
ing temperature of PPID and PPIDp is lower than the
other cyclophilins. At 35°C, half of the PPIase only con-
struct (PPIDp) is in an unfolded state while the full-
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length PPID construct unfolds at a melting temperature
of 40°C. The low thermal stability of PPID and PPIDp
corroborates the pellet analysis, which shows significant
PPID aggregation at 37°C.

2.3 | Select cyclophilins are heparin-
binding proteins

Most in vitro tau aggregation studies are limited by the
addition of heparin or other negatively charged mole-
cules, which promote facile fibril formation by inducing
a tau conformational change from mostly random coil to
B-sheet structure.’® Although heparin-induced tau aggre-
gation could be considered a proxy for negatively charged
molecules inside the cell,>** competition for heparin
binding by cyclophilins could complicate the mechanism
by which cyclophilins reduce tau aggregation in vitro.
This could be especially true for PPIB in which three
lysine residues at the N-terminus have been shown to be
responsible for glycosaminoglycan binding.*® Interest-
ingly, tau aggregation is completely abolished at both
1:10 and 1:1, tau to PPIBp (Figures 2, S2 and S3), suggest-
ing heparin competition could play a role.

Given heparin competition could be responsible for
reduced tau aggregation, cyclophilin-heparin binding
was determined experimentally by loading each cyclophi-
lin on a heparin column and measuring the salt concen-
tration needed to elute the protein. Tau P301L is a strong
heparin binder, eluting from the column at 375 mM NaCl
(Table 1 and Figure S5). This is consistent with previous
surface plasmon resonance (SPR) experiments of the tau
K18 isoform, which showed tau-heparin binding is abol-
ished at 300 mM NaCl.>* As expected, PPIBp is also a
strong heparin binder, even stronger than tau, eluting
from the heparin column at 600 mM NaCl. Other cyclo-
philins that moderately bind heparin (PPICp, PPID,
PPIDp, PPIE, and PPIF)) elute between 250 and 300 mM
NacCl, while some show no heparin binding at all (PPIA,
PPIGp, and PPIH). Overall, cyclophilins PPIB, PPIC,
PPID, PPIE, and PPIF are heparin-binding proteins that
compete for heparin under physiological conditions and
likely contribute to reduced tau aggregation in the ThT
assay.

2.4 | All cyclophilins, except PPID and
PPIH, reduce tau accumulation in cells

To determine whether cyclophilin overexpression can
reduce tau aggregation in a cellular environment,
HEK?293T cells were transiently co-transfected with tau
P301L/S320F and either empty vector or each cyclophilin
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FIGURE 2 Cyclophilins inhibit tau aggregation in a concentration dependent manner. (a) Workflow schematic of ThT assay and pellet
analysis. In a centrifuge tube, a master mix of tau and cyclophilin is prepared at twice the final concentration. A small aliquot is removed to
evaluate protein purity by Coomassie stained SDS-PAGE gel. Next, a master mix of heparin, ThT, and DTT is prepared at twice the final
concentration, then is equally combined with the tau plus cyclophilin master mix and aliquoted into a 96-well plate to measure ThT fluorescence.
Output ThT kinetic curves are then used to calculate the time to reach half maximum (7%2) and the final ThT fluorescence (ThTg). At the
completion of the ThT assay, replicate wells containing identical conditions are removed from the 96-well plate and combined in a single
centrifuge tube, which is then centrifuged to yield a supernatant (S) and pellet (P) fraction. Figure created with biorender.com. (b) Average ThTr at
72 hr from at least two independent experiments (except 1:10, tau:cyclophilin, from one independent experiment), with at least four to six
replicates per condition. N/M represents not measured. (c) 7%z at 1:1, tau:cyclophilin. (d) Relative intensity of tau in the pellet (insoluble tau) and
supernatant (soluble tau) at 1:1, tau:cyclophilin compared to tau alone. Error bars represent standard error of the mean (SEM). Data analyzed by
one-way ANOVA with Dunnett's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001. ThT, Thioflavin T
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TABLE 1 Thermal stability and
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T Protein Stability (°C) Heparin binding by NaCl concentration (mM)

heparin binding Tau Disordered Strong 375
PPIA 523 +0.1 No 0
PPIBp 551 +0.1 Strong 600
PPICp 479 +£ 0.1 Moderate 250
PPID 39.6 + 0.2 Moderate 300
PPIDp 34.7 +£ 0.1 Moderate 300
PPIE 492 +1.1 Moderate 275
PPIEp 56.3 + 0.1 Weak <100
PPIFp 49.8 + 0.4 Moderate 300
PPIGy 48.0 + 0.1 No 0
PPIH 459+ 0.4 No 0

Note: The intrinsic disorder of tau is not amenable to thermal stability measurements by DSF. Strong
heparin binding is >300 mM NaCl, moderate heparin binding is 100-300 mM NaCl, weak heparin binding
is <100 mM NaCl using a heparin column with a salt gradient from 0 M NaCl to 1 M NaCl.

Abbreviation: DSF, differential scanning fluorimetry.

at 1:10, tau to cyclophilin plasmid mass ratio. P301L/
S320F, which combines two FTD-related mutants, was
chosen because it is an aggressive cellular model of tau
aggregation with detectable triton-insoluble tau aggre-
gates.>>>® All of the cyclophilins, except PPID and PPIH,
significantly  reduce triton-insoluble tau levels
(Figures 3a,b). PPIB, PPIC, PPIE, and PPIF also signifi-
cantly reduce soluble tau levels (Figures 3a,c). In order to
begin to address whether this reduction in soluble pro-
tein was tau specific or more universal, HEK293T cells
were transiently co-transfected with GFP and either
empty vector or cyclophilin at 1:10, GFP to cyclophilin
plasmid mass ratio. Only cyclophilins shown to reduce
soluble tau were tested. None of the cyclophilins tested
reduced GFP levels (Figures 3d,e), suggesting the effect is
not due to widespread inhibition of protein synthesis or
general enhancement of all protein degradation. After
observing indications of PPIB cytotoxicity, such as incon-
sistent cell morphology and occasional reductions in
extracted total soluble protein, cell toxicity was measured
by lactate dehydrogenase (LDH) for each of the cyclophi-
lins shown to reduce soluble tau levels (Figure 3f). Only
PPIB is cytotoxic to the cells, suggesting the soluble tau
reduction for PPIC, PPIE, and PPIF is not due to an
increase in cell death causing tau release. It is feasible
that cyclophilins may have a preference or greater
chaperoning activity dependent on tau mutation, how-
ever, after replacing tau P301L/S320F with wild-type tau
or tau P301L, similar reductions in soluble tau levels
were measured for PPIC, PPIE, and PPIF (Figures 3g,h).
Overall, cyclophilins, PPIC, PPIE, and PPIF reduce solu-
ble and insoluble tau independent of tau mutation, while
PPIA and PPIG solely reduce insoluble tau.

2.5 | PPIC inhibits tau seeding in FRET
biosensor cells

To determine whether cyclophilins can slow tau aggregate
seeding, HEK293T FRET biosensor cells stably co-
expressing the repeat domain (RD) of tau with the disease-
associated P301S mutation fused to either CFP or YFP (tau
RD P301S-CFP and tau RD P301S-YFP) were co-transfected
with each cyclophilin plus mKATE. The cells were seeded
with sonicated recombinant tau P301L fibrils and FRET
was monitored over 60 hr to measure tau aggregate forma-
tion (schematic shown in Figure 4a). The mKATE plasmid
was used to identify successfully transfected cells and PPIB
was excluded from the data due to cytotoxicity. PPIC signif-
icantly reduces tau seeding by approximately 15%
(Figure 4b,c). Although the reduction in seeding is modest,
previous work has demonstrated that altering FRET seed-
ing by merely 10% in vitro correlates with altered tau accu-
mulation in vivo.”” Recombinant cyclophilin protein was
then used to plot standard densitometry curves to quantify
the amount of cyclophilin overexpressed when transfected.
No significant difference in the expression of PPIC com-
pared to other cyclophilins, such as PPIH, was observed
(Figure S6). Since PPIE and PPIF reduce soluble tau levels
but do not reduce tau seeding, this result suggests PPIC
may act by an additional mechanism beyond the reduction
of soluble tau.

3 | DISCUSSION

The chaperone network is a diverse group of proteins
that regulate protein misfolding and tau aggregation.®
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FIGURE 3 Multiple cyclophilins reduce soluble and insoluble tau levels. (a) Representative Western blot images of triton-soluble and triton-
insoluble fractions from HEK293T cells co-transfected with tau P301L/S320F and either an empty vector (EV) plasmid or cyclophilin at a plasmid
mass ratio of 1:10, tau:cyclophilin. (b) Quantification of relative insoluble tau levels compared to EV from at least two independent experiments
with two replicates per condition. (c) Quantification of relative soluble tau levels compared to EV from at least two independent experiments with
two replicates per condition. (d) Representative Western blot images of total GFP levels from HEK293T cells co-transfected with GFP and either an
EV or cyclophilin at a plasmid mass ratio of 1:10, GFP:cyclophilin. (¢) Quantification of relative GFP levels compared to EV from two replicates
per condition. (f) Cell toxicity measured by LDH assay 48 hr post transfection of HEK293T cells co-transfected with either an EV plasmid or tau
with each cyclophilin or EV control at a plasmid mass ratio of 1:10, tau:cyclophilin. (g) Representative Western blot images of total tau levels from
HEK?293T cells co-transfected with tau WT or tau P301L and either an EV or cyclophilin at a plasmid mass ratio of 1:10, tau:cyclophilin.

(h) Quantification of relative tau, WT and P301L, levels compared to EV from three independent experiments. All intensities were normalized to
GAPDH loading control prior to EV normalization. Error bars represent standard error of the mean (SEM). Data analyzed by one-way ANOVA
with Dunnett's post hoc test, **p < 0.01, ***p < 0.001, ***p < 0.0001. LDH, lactate dehydrogenase

Numerous studies continue to establish new chaperone-  is a viable strategy to influence tau biology.'>'* In this
tau interactions and previous work has demonstrated study, cyclophilins, PPIA-PPIH, are systematically inves-
genetic and chemical manipulation of chaperone activity = tigated for tau chaperoning activity. All cyclophilins
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FIGURE 4 PPIC reduces tau seeding. (a) Workflow schematic of tau FRET biosensor cell assay. Tau RD P301S FRET HEK293T cells,
subcultured into 24-well plates, are co-transfected with mKate and cyclophilin or empty vector (EV) plasmids at a 1:4, mKate:cyclophilin

plasmid ratio. Twenty-four hours after transfection, cells are subcultured into 96-well plates, then allowed to recover for 24 hr before seeding
with sonicated recombinant human tau 4RON P301L fibrils. After the addition of seeds, cells are housed in a BioTek BioSpa and imaged by a
Cytation 3 every 12 hr for 60 hr using FRET and Texas Red cubes. Figure created with BioRender.com. (b) Relative positive FRET signal of
tau seeding in the presence of cyclophilin compared to EV at 60 hr after addition of sonicated recombinant tau P301L fibrils.

(c) Representative images of EV and PPIC are shown. Green represents tau FRET signal and red represents transfected mKATE positive
cells. Scale bar is 20 pm. Data analyzed by two-way ANOVA repeated measures with Dunnett's post hoc test, *p < 0.05 for PPIC at 60-hr

time point. ANOVA, analysis of variance

prevent tau aggregation in a non-cellular environment
with varying levels of inhibition due to distinct biophysi-
cal features. In the cell, many cyclophilins reduce insolu-
ble tau and half of the cyclophilins tested reduce
soluble tau.

PPIB and PPID are the most potent inhibitors of tau
aggregation in a non-cellular environment. However,
PPIB and PPID bind heparin, which most likely inter-
feres with heparin-dependent tau aggregation. PPID has
no effect on reducing soluble or insoluble tau levels,
while for PPIB, the reduction in soluble and insoluble tau
is partially driven by cell toxicity. For PPIA, PPIG, and
PPIH, heparin binding is not a confounding issue as
these cyclophilins show no heparin binding in the ThT
assay buffer. PPIA, PPIG, and PPIH all reduce tau aggre-
gation in the ThT assay with PPIA being the weakest
inhibitor. Inside the cell, PPIA and PPIG reduce insoluble
tau, while PPIH has no effect on cellular tau levels. PPIC,
PPIE, and PPIF are the most promising candidates, as
they reduce tau aggregation in a non-cellular environ-
ment, moderately bind heparin, and reduce soluble and
insoluble tau inside the cell.

For PPIC, PPIE, and PPIF, the enhanced tau clear-
ance is likely driven by altered proteasomal and/or
autophagic degradation pathways. In relation to physio-
logical tau, turnover is driven by ubiquitin-dependent
proteasome  degradation,®  although  ubiquitin-
independent 20S proteasome degradation can also con-
tribute.’® Thus, it is possible PPIC, PPIE, and PPIF stabi-
lize tau in a more disordered state enhancing effective
proteolytic break down. PPIC, PPIE, and PPIF could also
contribute to the clearance of soluble tau through

autophagic pathways by altering tau conformation to
expose chaperone mediated autophagic and endosomal
microautophagic targeting motifs ***QVEVK** and
*7KDRVQ*! within the tau sequence.***° In the case of
aggregated tau, PPIA, PPIC, PPIE, PPIF, and PPIG may
sequester tau into larger aggregates that are more likely
to be engulfed by autophagosomes for clearance.*' This
could be especially true for PPIA and PPIG, which only
reduce insoluble tau. How discrete cyclophilins differ or
overlap in stimulating proteasomal or autophagic path-
ways is an important next step in understanding the
mechanism by which cyclophilins reduce soluble and
insoluble tau in the cell.

The ability of cyclophilins to bind heparin is also a
likely contributor to regulating tau inside the cell, as hep-
arin has many parallels to other negatively charged mole-
cules.*” PPIC, PPIE, and PPIF could potentially bind
damage-associated molecular patterns (DAMPs) includ-
ing ATP, DNA, RNA, uric acid, hyaluronan, and heparin
sulfate, which are released by stressed cells undergoing
autophagy.*’ The sequestering of DAMPs by PPIC, PPIE,
and PPIF could prevent the autophagy system from being
overloaded, which may synergize to prevent proteasomal
overload.** Liquid-liquid phase separation could also
play a role, as cyclophilin-heparin binding combined
with tau-heparin binding could promote the formation of
proteinaceous membraneless organelles containing tau,
negatively charged molecules, and cyclophilins primed
for clearance.*!

PPIB and PPIC, which are residents of the endoplas-
mic reticulum (ER),>* could play additional roles in
regulating tau in the ER. PPIB could play a protective
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role in preventing tau aggregation by regulating the
unfolded protein response (UPR), because PPIB is known
to have anti-apoptotic properties against ER stress-
induced cell death.*® PPIB has also been shown to inter-
act with ER-resident chaperones, ERp72, GRP78, and
GRP94 through basic lysine residues at the N-terminus of
PPIB, which are highly conserved in PPIC.*” Conse-
quently, PPIB or PPIC could provide a scaffold for tau to
interact with ER-resident chaperones that have been
shown to resolve stress-induced protein aggregation™
and control ER-associated degradation (ERAD).*

The mechanism by which PPIC prevents tau seeding
is unknown. It is possible, since PPIC is also
extracellular,” that extracellular PPIC contributes to the
reduced uptake of tau seeds. However, in our assay
uptake is lipofectamine-mediated, which would suggest
PPIC reduces the uptake of cationic lipids. This scenario
is unlikely as cyclophilins, such as PPIA, actually
enhance lipid uptake in cells.’® Thus, it is more likely
that PPIC alters either monomeric tau or preformed tau
fibrils into an incompatible state that prevents the tem-
plated addition of monomeric tau onto fibril seeds.

PPIases, consisting of FK506-binding proteins, parvu-
lins, and cyclophilins, are known to be involved in regu-
lating the aggregation of misfolded clients, but the
mechanism of action is poorly understood.’? Many
PPIases, such as FKBP51 and FKBP52, have activity at
low concentrations and counter to this study, enhance
tau aggregation.">”* The low minimum PPlase concen-
tration needed to impart activity has led to a number of
studies proposing PPlase-dependent tau regulation. How-
ever, there are a few studies on diverse clients that sup-
port the PPlase-independent chaperone activity of
cyclophilins, suggesting cyclophilins act as holdases.”*>°
In fact, PPIA has been shown to have a biphasic role in
the aggregation of a-synuclein, another neurodegenera-
tive disease-associated protein.'® Similary, tau has been
reported to be pushed toward or away from aggregation
depending on the specific conditions of the experiment
with molecular chaperones.”” While we did not detect
this in our studies, we did find differences in the ability
of discrete chaperones to inhibit aggregation in cell-free
systems compared to in cells, which suggests condition
dependent effects on tau. Given many of the cyclophilins
investigated here lacked activity at lower concentrations,
it is likely cyclophilin chaperoning activity with respect
to tau is not enzymatic but rather dependent on holdase
activity. Understanding the differences in cyclophilin-tau
interactions within the cyclophilin family and compared
to other PPIlase-tau interactions will hopefully begin to
unravel the differences in beneficial (cyclophilin) versus
detrimental (FKBP51 and FKBP52) effects on tau
aggregation.

Many questions remain unanswered as to how cellu-
lar location and tissue specificity of cyclophilins with
misfolded clients relates to disease. In vivo, knockout
studies in mice show cyclophilins can regulate protein
homeostasis and misfolding in neurodegenerative disease
with both positive and negative outcomes. Knockout of
PPIF in mice is beneficial,*®>° as decreased levels of PPIF
reduce mitochondrial permeability transition pore
(mPTP) opening, a known contributors to cognitive
decline in aging and AD. For PPIA and PPIB, in vivo
knockout in mice is detrimental, as PPIA knockout
induces transactive response DNA-binding protein
43 (TDP-43) proteinopathy® and PPIB knockout reduces
functional presenilin 1.°' Future in vivo studies, either by
cyclophilins knockout or overexpression, will show the
therapeutic potential of manipulating the cyclophilin
family in respect to regulating tauopathies and neurode-
generative disease.

Overall cyclophilins reduce tau aggregation and likely
alter the state of tau to promote degradation and restore
the balance of proteasomal and autophagic clearance.
Given many cyclophilins play protective roles in protein
misfolding diseases, cyclophilins are well-suited for
future in vivo studies to evaluate the role of the cyclophi-
lin family in preventing neurotoxic tau accumulation.

4 | EXPERIMENTAL PROCEDURES

41 | Molecular cloning

Recombinant human tau 4RON P301L, PPIA, PPID
(amino acids 1-183), and PPIH were cloned into a pET-
28a vector (MilliporeSigma #69864) with a TEV protease
recognition sequence. Recombinant human PPIB (amino
acids 33-216), PPIC (amino acids 23-212), PPIEp (amino
acids 138-301), PPIFp (amino acids 42-207), and PPIGp
(amino acids 1-180) were synthesized and cloned into a
pET-28a(+)-TEV vector by Genscript USA. For mamma-
lian tau expression constructs, human tau 4RON WT, tau
4RON P301L, and tau 4RON P301L/S320F were cloned in
a pRKS5 vector backbone by removing GFP from the pur-
chased constructs pRK5-EGFP-Tau (Addgene #46904)
and pRK5-EGFP-Tau P301L (Addgene #46908), which
were a kind gift from Karen Ashe,®” and utilizing the Q5
high fidelity polymerase (NEB #M0491S) for site directed
mutagenesis of serine 320 to phenylalanine. For mamma-
lian cyclophilin constructs, N-FLAG PPIA, PPIB, N-
FLAG PPIC, PPID, N-FLAG PPIE, N-FLAG PPIG, and N-
FLAG PPIH were cloned into a pCMV6-XL6 vector back-
bone (Origene #PCMV6XL6). C-FLAG PPIF in a
pCMVe6-entry vector backbone was purchased from Ori-
gene (#RC223397) and pEGFP-N1 plasmid was
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purchased from Clonetech (#6085-1). All plasmids were
propagated in DH5a competent cells (Fisher Scientific
#18265017) and verified by DNA sequencing (Eurofins
Genomics).

4.2 | Protein expression and purification
For recombinant protein expression, plasmids were trans-
formed into BL21 (DE3) One Shot Star competent cells
(Fisher Scientific #C601003) and plated on kanamycin-agar
plates for incubation overnight at 37°C. A single colony or
glycerol stock was used to inoculate a 10 ml starter culture
of LB broth supplemented with kanamycin for incubation
overnight at 37°C. The next morning, 10 ml of starter cul-
ture was used to inoculate 1 L of LB-kanamycin broth and
grown at 37°C. For tau P301L, cultures were grown to an
ODgqp of 0.7-0.8 then induced with a final concentration of
1 mM IPTG and grown for 3 hr before harvest. For cyclo-
philin expression, cultures were grown to an ODgq of 1.0,
then the temperature was dropped to 16°C for 1-2 hr
before cultures were induced with a final concentration of
1 mM IPTG and grown overnight at 16°C. Cells were then
spun down at 3,500 x g for 20 min, supernatant discarded,
and each pellet resuspended in 35 ml of running buffer
(20 mM Tris-HCI pH 8.0, 500 mM NaCl, 10 mM Imidaz-
ole) supplemented with 1x EDTA-free protease inhibitor
cocktail III (Bimake #B14002) and 1 mM PMSF (Sigma
Aldrich #P7626). Resuspended pellets were frozen and
stored at —80°C.

For protein purification, each pellet was thawed, soni-
cated on ice using a Sonic Dismembrator (Fisher Scientific
Model 120) for 60 pulses at 85% amplitude for 5 seconds
on/10 seconds off, and spun at 50,000 x g for 30 min at
4°C to isolate supernatant. The supernatant was loaded
onto a standard gravity nickel column packed with Nickel
Sepharose high performance resin (Cytiva #17-5268-02),
washed with 35 ml of running buffer and eluted with 25 ml
of elution buffer (20 mM Tris base pH 8.0, 500 mM NacCl,
250 mM Imidazole). TEV protease (~2-4 mg produced in-
house) was added directly to the elution fraction, which
was placed into a 3,500 MW cutoff dialysis bag for 4 hr at
room temperature in a 1 L beaker of TEV cleavage buffer
(50 mM Tris base pH 8.0, 250 mM NaCl), except for PPIDp,
which due to instability was first separated by size exclu-
sion chromatography using a Hiload 16/600 Superdex
200 pg column (Cytiva #28989335) to isolate monomeric
PPIDp prior to TEV cleavage. Post cleavage, the solution
was then dialyzed back into running buffer overnight at
4°C and another nickel column purification was performed
to remove TEV protease and uncleaved protein. Finally,
using a HiLoad 16/600 Superdex 200 pg column, proteins
were separated by size exclusion chromatography in

20 mM Tris base pH 7.6, 500 mM NaCl, 0.5 mM EDTA,
and 0.5 mM DTT to isolate monomeric protein. Protein
purity was confirmed by Coomassie stained SDS-PAGE gel
to be >90% pure and protein concentration was measured
by BCA (Fisher Scientific #P123225). Proteins were diluted
to 2 mg/ml, aliquoted, and flash-frozen in liquid nitrogen
for storage at —80°C.

4.3 | Thioflavin T fluorescence assay

To monitor tau aggregation, 10 pM recombinant human
tau P301L was mixed with 2.5 pM low-molecular-weight
heparin (MP Biomedicals #194114) and 2 mM DTT in the
presence or absence of cyclophilin at molar ratios of 1:10,
1:1, 10:1, and 25:1, tau to cyclophilin, in 100 mM sodium
acetate pH 7.0 buffer supplemented with 10 pM ThT. Four
to six replicates of each condition, 200 pl for each replicate,
were pipetted into a 96-well, black, clear-bottom nonbind-
ing surface plate (Corning #3651), sealed, and incubated at
37°C without agitation for 3 days. ThT fluorescence, excita-
tion at 440 nm and emission at 482 nm, was measured
from the bottom of the plate every hour in a BioTek Syn-
ergy H1 multimode plate reader. At least two independent
experiments were performed for each condition, except for
1 tau to 10 cyclophilin, which was from one independent
experiment. ThT fluorescence data were blank-subtracted
for buffer or cyclophilin only controls, normalized to the
maximum signal for tau alone, and Boltzmann Sigmoid
analysis was conducted using GraphPad Prism 9 to deter-
mine the time to reach half point maximum.

4.4 | Pellet analysis post ThT assay
Following each ThT assay, replicate wells of the same
condition were pooled into microcentrifuge tubes and
600 pl volume of sample was subjected to centrifugation
at 20,000 x g for 1 hr. The resulting supernatant was
removed and the pellet was resuspended with 1 ml
sodium acetate pH 7 buffer. After another centrifugation
spin at 20,000 x g, the pellet was resuspended in 60 pl
sodium acetate pH 7 buffer to make a 10x concentrated
pellet sample. Final supernatant and pellet (10x concen-
trated) samples were mixed with 4x Laemmli (Bio-Rad
#1610747) and analyzed by Coomassie stained Any kD
SDS-PAGE gels (Bio-Rad #4569034).

4.5 | Differential scanning fluorimetry

To assess protein thermal stability, cyclophilins were
diluted to a final concentration of 10 pM in 100 mM
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sodium acetate buffer pH 7.0 containing 5x
SYPRO Orange dye (Invitrogen #S6650). The 30 pl mix-
tures were dispensed into a Bio-Rad 96-well thin-wall
PCR plate (Bio-Rad #HSP9601) and sealed with micro-
plate adhesive film. SYPRO Orange fluorescence was
monitored as a function of temperature in a Bio-Rad
CFX96 Touch Real-Time PCR Detection System through
use of the C1000 Touch Thermal Cycler and FRET chan-
nel. Thermal melts were conducted in triplicate for each
condition by heating from 25 to 95°C in 1°C increments
for 2 min while measuring fluorescence at each tempera-
ture step. Fluorescence data were blank-subtracted, nor-
malized to the maximum signal for each individual melt,
and Boltzmann Sigmoid analysis was conducted using
GraphPad Prism 9 to determine the melting temperature
(Tm) from two independent experiments.

4.6 | Heparin binding

Using a HiTrap Heparin HP column (Cytiva
#17,040,701), heparin binding for each cyclophilin,
~1 mg of cyclophilin dialyzed overnight in 100 mM
sodium acetate pH 7.0 buffer, was measured with an elu-
tion gradient of 0 M NaCl to 1 M NaCl. Peak absorbance
values were verified to be protein by Coomassie stained
SDS-PAGE gel. In the case of low absorbance or unde-
tected protein, fractions were concentrated 10x using
Amicon Ultra 0.5 ml 10 kDa MWCO filters
(MilliporeSigma #UFC501096) prior to gel loading.

4.7 | HEK?293T co-transfection and
fractionation

HEK293T cells (ATCC #CRL-3216) were subcultured into
6-well or 12-well plates (Thermo Scientific #130184 and
#130185) coated with poly-L-Lysine (Sigma-Aldrich
#P4707) and co-transfected using Lipofectamine 2000
(5 pl for 6-well plates and 2.5 pl for 12-well plates) with
tau and cyclophilin plasmids at a ratio of 1:10, tau:cyclo-
philin (0.2 pg tau: 2 pg cyclophilin for 6-well plates and
0.1 pg tau: 1 pg cyclophilin for 12-well plates). Forty-eight
hours after transfection, cells were washed with PBS and
harvested. For triton-soluble and triton-insoluble frac-
tionation in 6-well plates, cells were lysed in 800 pl of Tri-
ton X-100 lysis buffer consisting of 50 mM Tris base
pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100
(Research Products International #111036) supplemented
with protease inhibitor cocktail, phosphatase inhibitor
cocktails and PMSF (Sigma #P8340, #P5726, #P0044, and
#P7626). After 10 min on ice, lysed cells were centrifuged
at 3,000xg for 10 minutes to remove cell debris. The

supernatants were then centrifuged at 21,000 x g for
30 min and the high-speed supernatant isolated as the
triton-soluble fraction. The high-speed pellet was then
resuspended with 1 ml of Triton X-100 lysis buffer and
re-pelleted by centrifugation at 21,000 x g for 30 min. All
centrifugation steps were performed at 4°C. The final pel-
let or triton-insoluble fraction was resuspended in a
buffer containing 8 M urea, 50 mM Tris base pH 8.0, 2%
SDS, 10 mM EDTA, and sonicated at room temperature
for 3 pulses at 25% amplitude for 5 s on/10 s off. Total
protein concentration from the initial supernatant was
measured by BCA and used to load equal amounts of sol-
uble and insoluble protein. For extraction of unfractio-
nated or total cellular protein, cells were lysed from
12-well plates in 60 pl mammalian protein extraction
reagent, M-PER (Fisher Scientific #78501), supplemented
with protease inhibitor cocktail, phosphatase inhibitor
cocktails, and PMSF and centrifuged at 10,000 x g for
10 min to isolate supernatant.

4.8 | Western blot

All samples, diluted into a final concentration of 1x SDS
sample buffer (Bio-Rad #1610737) and heated at 100°C for
5 min, were loaded into Any kD SDS-PAGE gels (Bio-Rad
#4569034) and transferred to PVDF membranes
(MilliporeSigma #IPVH00010) followed by blocking for 1 hr
in 7% milk. Rabbit anti-tau polyclonal antibody (Dako/Agi-
lent #A0024) at 1:20,000 was used to detect total tau protein
and mouse anti-GAPDH monoclonal antibody (Proteintech
#1E6D9) was used at 1:1,000 to detect GAPDH loading con-
trol. Rabbit anti-PPIA polyclonal antibody (Abcam
#ab3563), rabbit anti-PPIB monoclonal antibody (Cell Sig-
naling #43603S), rabbit anti-PPIC monoclonal antibody
(Abcam #ab184552), rabbit anti-PPID polyclonal antibody
(Invitrogen #PA3-023), rabbit anti-PPIE polyclonal antibody
(Invitrogen #PA5-41808), mouse anti-PPIF monoclonal anti-
body (Abcam #ab110324), and rabbit anti-PPIG polyclonal
antibody (Cell Signaling #3803S) were used at 1:1,000 to
detect each cyclophilin protein, as needed. For confirmation
of PPIH expression, mouse anti-FLAG monoclonal antibody
(Sigma Aldrich #F1804) or rabbit anti-PPIH polyclonal anti-
body (Sigma Aldrich #HPA059019) at 1:1,000 was used.
HRP-conjugated secondary antibodies at 1:1,000 for mouse
(SouthernBiotech #1030-05) and rabbit (SouthernBiotech
#4010-05) were used for ECL visualization.

4.9 | Lactate dehydrogenase cytotoxicity

Cytotoxicity of HEK293T cells 48 hr after transfection in
12-well plates was measured by LDH release per the
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manufacturer's directions (Promega #G1780). Four hours
prior to LDH measurements, media were replaced. Each
condition was measured in triplicate and a maximum
LDH release was measured by lysing one well of cells
45 min prior to the assay.

410 | Tau FRET biosensor cells

HEK293T cells stably expressing tau RD P301S-CFP and
tau RD P301S-YFP (ATCC #CRL-3275) were subcultured
into 24-well poly-L-Lysine coated plates (0.5 x 10° cells
per well) and co-transfected using 2.5 pl Lipofectamine
2000 per well (Invitrogen #11668019) with mKate
(Evrogen #pmKate2-C) and cyclophilin plasmids at a 1:4
ratio of mKate to cyclophilin (0.2 pg mKate:0.8 pg cyclo-
philin). Twenty-four hours after transfection, cells were
subcultured into 96-well, black, clear-bottom plates
(Corning #3601) at a density of 0.4 x 10° cells per well
and allowed to recover for 24 hr, reaching about 50-60%
confluency, before seeding with a final concentration of
300 nM sonicated recombinant human tau 4RON P301L
fibrils per well. Cells were then housed in a Biospa 8 and
imaged on a Cytation 3 using brightfield, FRET (excita-
tion 445 nm/emission 542 nm—BioTek #1225110), and
Texas Red (excitation 486 nm/ emission 647 nm—BioTek
#1225102) cubes at 40x magnification (Plan Fluorite WD
2.7 NA 0.6) every 12 hr for 60 hr. Each condition was
measured in triplicate, and 6-images per well were used
for analysis with Gen5 Image Prime Software plus Spot
Counting. Relative FRET positive intensity was calcu-
lated as the FRET positive aggregate area within total
Texas Red area (mKate positive cells) and then normal-
ized to the empty vector control.

411 | Statistical analysis

Significant differences relative to controls were con-
ducted in GraphPad Prism 9 using a one-way analysis of
variance (ANOVA) or two-way repeated measures
ANOVA followed by Dunnett's post hoc test as indicated
in the figure legends. p-values less than 0.05, 0.01, 0.001
or 0.0001 are marked by 1, 2, 3, or 4 asterisks (*), respec-
tively. Error bars represent standard error of the
mean (SEM).
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