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Circular dichroism spectroscopy identifies the B-adrenoceptor agonist salbutamol as a

direct inhibitor of tau filament formation in vitro.
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Abstract

Potential drug treatments for Alzheimer’s disease (AD) may be found by identifying compounds
that block the assembly of the microtubule-associated protein tau into neurofibrillar tangles
associated with neuron destabilisation and cell death. Here, a small library of structurally diverse
compounds was screened in vitro for the ability to inhibit tau aggregation, using high-throughput
synchrotron radiation circular dichroism (HT-SRCD) as a novel tool to monitor the structural
changes in the protein as it assembles into filaments. The catecholamine epinephrine was found
to be the most effective tau aggregation inhibitor of all 88 compounds screened. Subsequently,
we tested chemically-similar phenolamine drugs from the B-adrenergic receptor (BAR) agonist
class, using conventional circular dichroism spectroscopy, thioflavin T fluorescence and
transmission electron microscopy. Two compounds, salbutamol and dobutamine, used widely in
the treatment of respiratory and cardiovascular disease, impede the aggregation of tau in vitro.
Dobutamine reduces both the rate and yield of tau filament formation over 24 hours, although it
has little effect on the structural transition of tau into [(-sheet structures over 24 hours.
Salbutamol also reduces the yield and rate of filament formation, and additionally inhibits tau’s
structural change into B-sheet rich aggregates. Salbutamol has a good safety profile and a half-life
that facilitates permeation through the blood brain barrier and could represent an expediated
approach to developing AD therapeutics. These results provide the motivation for in vivo
evaluation of pre-existing -adrenergic receptor agonists as a potential therapy for AD through

the reduction of tau deposition in AD.
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1. Introduction

Alzheimer's disease (AD) is classed by the world health organisation as a global health priority
affecting 47 million people worldwide. With an increasingly aging population this figure is
expected to triple to over 130 million cases by the year 2050, with an economic burden of
$0.8T."> The increase in the incidence of AD is compounded by the lack of a significant
breakthrough in drug therapies in the past 40 years® and no successful disease modifying
treatment since its discovery in 1907.4 Currently, only four drugs have been approved for use, all
of which target the cholinergic or glutaminergic signalling pathways to reduce AD symptoms.

None of these provides disease modifying therapeutic treatments.’

AD is characterised pathologically by the deposition of amyloid- (Ap) and tau proteins
in the brain as insoluble amyloid fibrils and neurofibrillar tangles (NFT), respectively. In the tau
hypothesis, tau, a collection of 6 alternatively spliced protein products of the MAPT gene,°
undergoes hyperphosphorylation by glycogen synthase kinase enzymes.”® Tau proteins normally
associate with microtubules providing strength, polarity and support for neurons, but
phosphorylation leads to its dissociation from the microtubules and the subsequent formation of
NFT.? This step, which leads to neuron destabilisation and ultimately cell death*®-8 is thought to
occur after the aggregation of AP and related inflammatory response in AD.*%° Although the
amyloid and tau pathologies develop independently, there is evidence for a synergistic role of AP
and tau in the development of AD, with evidence to support the oxidative damage caused by the

early AP fibrils/oligomers leads to the hyperphosphorylation of tau.%7.8:10

As well as its role in AD, tau NFT and neuropil threads are also associated with a number
of other neurodegenerative diseases known collectively as tauopathies.!! Recently, because of the
failure of numerous A targeted therapies to show any cognitive benefits for AD patients, even
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where the therapies have been effective in clearing AP plaques,'? attention has shifted towards
tau. There are good reasons for believing tau is a more promising target for therapeutic
intervention than AB. These include the observation that A is not neurotoxic to tau-null cells.!3
In addition, reducing tau levels can eliminate behavioural deficits in transgenic mice with high
AB.'* Tt has been known for a long time that the distribution of tau pathology in AD correlates
much better with the clinical severity of AD than the distribution of AB plaques.!® Finally, the
central role of tau in neurodegeneration is evident in diseases such as primary age-related

tauopathy where AP plaques are absent.

One therapeutic approach for AD is to block or impair A amyloid formation or tau NFT
deposition. This is commonly done by stabilising the native monomeric proteins, by reducing the
levels of amyloid precursors, or by increasing the clearance of the insoluble fibres or
filaments.>78 In this context, much research has been carried out into the inhibition of
amyloidosis by natural aromatic compounds,'®2* including polyphenols from dietary substances
that recognise the generic amyloid cross-f motif and alter the aggregation kinetics or restructure
many amyloidogenic proteins into non-toxic species in vitro.?>-26 For example, the phenolic rings
of polyphenol compounds interfere with the stacking of aromatic residues and hydroxyl groups,
thereby destabilising the amyloid core and increasing its solubility.?’2° A common first step
toward identifying potential inhibitors is in vitro screening of compounds that reduce tau or AP
self-assembly kinetics and yield. The amyloid-sensitive fluorescent dye thioflavin T (ThT) is a
convenient tool that is amenable to high-throughput screening, but can report false positives
when compounds compete for the same binding sites as the dye.>* Circular dichroism (CD)

spectroscopy is an alternative approach, which reports directly on the structural changes of the
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protein as it undergoes aggregation and is therefore not prone to the ThT type of errors, but high-

throughput analysis is more challenging.

oNOYTULT D WN =

Here we use high-throughput synchrotron radiation circular dichroism (HT-SRCD) as a
1 novel primary screening platform to compare the inhibitory effects of a small library of drug-like
13 compounds against tau filamentous assembly. Follow-up analysis of analogues of the most active
compound, epinephrine, reveals the widely administered P,-agonist salbutamol as a novel

18 inhibitor of tau in vitro.
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2. Results and Discussion

CD and ThT analysis of tau aggregation

The tau construct used for the duration of this work corresponds to residues 225-441 of the 4
microtubule binding repeat isoform of tau (Tau-4R), which has been shown to form microtubule
assemblies in vitro with completion at around 4-6 hours.3'3> Tau filament formation was
followed initially using standard bench-top CD spectroscopy in the far-UV region. Upon
amyloidosis, tau is expected to transition from a predominantly unordered native structure to a
more ordered structure with a B-sheet core.?3 The CD spectrum of freshly-prepared, unaggregated
tau exhibits a minimum around 200 nm (Figure 1A black), suggestive of a high unordered
content or intrinsic disorder, as observed previously for tau.>’ Protein secondary structure
estimation (SSE) form CD data using BeStSel algorithm?*33 reveals the B-sheet content to be 42
+ 3.7 %, with the remaining structures consisting of turns (15 = 1.5 %) as well as unordered
conformation (33 = 10.6 %). Induction of tau aggregation by the addition of heparin is
accompanied by a progressive change in the spectra over 5 h (Figure 1A), coinciding with a slight
increase in B-sheet content to 49 %. Little or no further change in the spectrum occurs between 5
h and 24 h, indicating that the fibrillisation process reaches conclusion around 5 h. The time-
dependent change in CD, which does not occur in the absence of heparin, is characterised by an
1sodichroic point at around 205 nm. This is indicative of a single-phase transition from the initial
secondary structure of un-aggregated tau, to a final structure adopted by the aggregated protein.
Because of this, each spectrum acquired over the 5-hour period could be fitted by combinations
of the initial ( = 0 h) and end-point (¢ = 5 h) spectra in different proportions in order to calculate
the kinetics of the structural transformation. Hence, CD provides information on the aggregation

kinetics and the structural transition of tau. The kinetics of the structural transformation
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measured by CD matches the aggregation kinetics monitored in a separate experiment using ThT

fluorescence, confirming that ThT binding occurs in parallel with the structural change (Figure

oNOYTULT D WN =

1B).
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46 Figure 1. A) Far-UV CD spectra of tau protein under aggregation inducing conditions over 5
48 hours. B) Percentage completion of the structural transition over time (circles) overlaid with the

50 time-dependent ThT fluorescence in the presence of 20 uM tau and 5 uM heparin.
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High-throughput SRCD screening

HT-SRCD has been developed as a powerful new method for the rapid analysis of protein
structures under a range of different conditions.>® The highly collimated light beam enables
samples to be measured using small aperture cells of low volume, which allows for
measurements to be conducted on the centre of each well in a custom-designed 96-well plate
without distortion effects, and the base area of the well can be scanned by moving a motorised X-
Y stage in a rastering manner. A library of 88 drug and drug-like compounds, covering a broad
range of chemical structures and indications, was selected from the LOPAC!?8" series
(Supporting Information Table SI3). Tau (20 uM) was added to each well together with DTT (1
mM) and a different compound (20 uM), and aggregation was initiated by the addition of heparin
(5 uM). CD spectra (190-260 nm) of each well were obtained in 1 h intervals over a 6 h period.
From each spectrum was subtracted a baseline spectrum for heparin, DTT and each compound,
obtained at the same time interval and ensuring that each cell was matched with the correct
compound. Control spectra were also obtained for tau under non-aggregating conditions with
only DTT present (number of spectra, n = 10) and for tau with DTT and heparin to induce
aggregation (n = 6). Hence, the effect of each compound on aggregation could be compared with

the two sets of control spectra at the two extremes.

With large numbers of spectra to process and analyse, it was convenient to apply the
multivariate approach of principal component analysis to ascertain which compounds were most
effective at stabilising tau in its native un-aggregated structure. Figure 2A shows the principal
component (PC) scores plot for the HT-SRCD spectra obtained 3 h after initiating tau
aggregation. Each point represents a spectrum of tau in the presence of a compound (black) or of

tau under non-aggregating conditions (red outline) or of tau under aggregating conditions (cyan
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outline). Within each control group the points cluster closely together, but the two groups are
well-separated from each other. This indicates that the variance of the spectra within each group
of replicates is much lower than the differences between the spectra of unaggregated and
aggregated tau. There is considerable scatter in the compound data, suggesting that the drugs may
have a multitude of effects on the structure or aggregation state of tau at this time point. We
considered only the points that lie in the same region of the plot as the control data for
unaggregated tau, as these points potentially represent the compounds having the largest
inhibitory effect. A PC trajectory plot, representing the change in the spectra between 4 h and 6 h
(Figure 2B) reveals 2 samples that overlap or lie close to the control data for tau under non-
aggregating conditions. These correspond to (+/-)epinephrine hydrochloride (Figure 2C) and (-)-
epinephrine bitartrate. All other spectra (represented by arrows outside of the circled region in
Figure 2B) indicated partial or full aggregation of tau between 1 h and 6 h, or were not
representative of tau in its unaggregated and aggregated structures and possibly consistent with
other folding pathways. Follow-up bench-top CD spectra of tau in the presence of epinephrine

confirmed that the compound inhibited tau aggregation (Figure 2D).
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Figure 2. HT-SRCD screening of drug-like compounds for inhibition of tau aggregation. A)
Principal component score plot representing the variance in the SRCD spectra after incubation of
tau with each compound for 6 h. Red outlined circles correspond to the spectra of tau alone
under non-aggregating conditions and cyan outlined circles to the spectra of tau alone under
aggregating conditions. The red circled area contains data for the compounds having the greatest
inhibitory effect and the cyan circled area represent spectra showing partial or full aggregation of
tau. B) A PC trajectory plot representing the change in the SRCD spectra from 1 h to 6 h. The red
arrows represent the spectra of tau under non-aggregating conditions. Cyan arrows within the
circled region represent the compounds eliciting the largest inhibitory effect, racemic epinephrine
hydrocholride (EPN(1)) and (-)-epinephrine bitartrate (EPN(2)). C) Comparison of the HT-
SRCD spectra of tau with EPN(1) (blue/green lines) with the spectra of tau under non-
aggregating conditions at t = 0 (black lines; n = 10) and of tau in the presence of heparin after 6 h
(red lines; n = 6). D) Follow-up far-UV CD spectra of heparin-induced tau aggregation obtained

on a bench-top instrument alone (black) and in the presence of EPN(1) (red). Aggregation was

monitored by measuring Ag at 218 nm.
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Identification of salbutamol as a tau aggregation inhibitor

HT-SRCD indicates that epinephrine is superior to all other drugs screened, which cover a
wide chemical space, in its ability to inhibit tau aggregation in vitro, and is therefore a good
starting point from which to identify chemically similar compounds that may have more
favourable properties in vivo. Epinephrine is one of several catechol-containing molecules that
has previously been reported as an AP, a-synuclein and tau aggregation inhibitor;3’>® here we
show for the first time that it stabilises the native protein structure. Several other molecules
possessing a catechol moiety, including dopamine®® and norepinephrine,’® have been shown to
modulate AP fibril formation. Catechols block the formation of toxic oligomers by tau in a
mechanism that may involve oxidation to quinones and subsequent capping of tau cysteine
residues,’” although non-covalent interactions may also play a role. The major challenge in
progressing catechol and polyphenolic compounds as AD therapeutics is their low
bioavailability: they are poorly absorbed when ingested and are highly susceptible to metabolic
transformations (principally oxidation, glucuronidation, methylation and sulfation),**4> being

substrates for catechol-O-methyltransferases.*>*

To mitigate this anticipated problem in future in vivo evaluations, we searched for
chemically-similar marketed drugs for other disease indications, but which may have more
favourable bioavailability than epinephrine. The HT-SRCD screen revealed that two metabolites
of the dopamine-epinephrine biosynthetic pathway included in the 96-well plate, (£)-
vanillylmandelic acid and dihydroxyphenylalanine, did not impede tau aggregation despite their
structural relationship with and similarity to epinephrine (Figure 3). Hence, it could not be
assumed a priori that epinephrine analogues would be effective inhibitors, and further empirical
studies were necessary to establish a structure-activity relationship.

11
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Figure 3. Comparison of the HT-SRCD spectra of non-aggregated tau (black with error bars) and
fully aggregated tau (red with error bars) with the spectra of tau (20 uM) in the presence of
equimolar (+)-vanillylmandelic acid (VMA) (A) or dihydroxyphenylalanine (DPA) (B).

After a similarity search, four drug compounds, etamivan, fenoterol, dobutamine and
salbutamol, were selected for further screening against tau aggregation (Figure 4). All have
chemical features reminiscent of epinephrine, but only dobutamine possesses the metabolically-
labile catechol moiety. Fresh tau solutions were incubated with shaking for up to 24 h with
heparin in the presence of equimolar concentrations of each compound and aggregation was
monitored by far-UV CD, using a bench-top instrument. The spectra of tau with fenoterol and
etamivan suggest that neither compound has a significant effect on the aggregation kinetics
(Figure 4, A and B) and fenoterol appears to enhance the rate of aggregation. Interference and
distortion below 210 nm preclude a rigorous analysis of secondary structure that would confirm
that tau follows the normal aggregation pathway. In the presence of dobutamine, the
characteristic spectral perturbation and presence of an isodichroic point (at 207 nm) is observed,
suggesting a single-phase structural change still occurs in presence of dobutamine and reaches
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completion by 5 h (Figure 4A). The half time, ty 5, for completion of aggregation is similar to the
native tau (Figure 4B), but SSE using the BeStSel algorithm indicates that a negligible change in
B—sheet content (2 %) occurs after 24 h, with only a slight decrease of 3.5 % in the unordered
content (Figure 4C). Hence, although the kinetics of the tau structural transformation appear to be

unaffected by dobutamine, aggregation does not appear to run to the same extent as for tau alone.

After incubation of tau with salbutamol for up to 24 hours, the spectrum remains largely
unchanged and there is no isodichroic point of the initial and end spectra (Figure 4A). Hence, the
spectra suggest that only minor structural changes occur over this time scale, or that the structural
perturbation is more complex than the transition between two species. Interestingly, the B-sheet
content reduces in the presence of salbutamol to 25.9 + 3.6 %, with an increase in the unordered
content of 14.7 % (Figure 4C). Comparison of the 7,5 (measured from Ag at 218 nm) reveals that
salbutamol impedes the conversion from the starting to the end conformation, although this figure
is no longer reflective of a single-phase transition (Figure 4B). The CD data suggests that
salbutamol impairs tau aggregation and stabilises tau in a structure close to its initial native state.
By contrast, dobutamine appears not to have a significant effect on the rate of tau structural

modification.
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Figure 4. A) Far-UV CD spectra of tau (20 uM) after incubation for 0 (black) and 5 h (red) in the
presence of equimolar concentrations of four catecholamine-derived ,-adrenergic receptor
agonists. In order to focus the attention to the spectral features of tau, the CD contributions of the
bound fenoterol and etamivan appeared below 210 nm are not shown. The double arrows
represent the increase in Ae measured at 218 nm (consistent with B-sheet formation) from the
spectra of tau alone at 0 and 5 h. For salbutamol, an additional spectrum is shown after 24 h
incubation (blue). B) Kinetics of tau aggregation in the presence of the four compounds,
monitored by the change in A¢ at 218 nm. C). Percentage change in secondary structure of tau in
the presence of dobutamine and salbutamol, estimated by the BeStSel algorithm,?® following

incubation for 5 h.
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For fenoterol, an RR and SS racemate, the appearance of CD contributions when freshly added to
tau signify a difference in the binding between the two enantiomers with tau. For achiral
etamivan the induced CD is the result of the binding to the chiral binding site of tau. In both
cases, the non-superimposable spectra to that of tau alone indicate unambiguously binding
interactions between these molecules and tau. However, for wavelength greater than 210 nm
though these CD contributions are small or negligible, the shape profile of the CD can still be
used to discriminate qualitatively significant conformational changes and taken as diagnostic of

the aggregation of tau protein.

For both racemate dobutamine and salbutamol, the fact that in the presence of equimolar tau
protein, the CD spectra of the freshly made mixtures still resembled those of tau alone (Figure
4A) and did not change significantly with ageing, indicate their inhibitory tau aggregation
property. It also indicates that the binding interactions in terms of chirality is similar for the

enantiomers cancelling out, leaving mainly the CD contributions from tau.

Among the 88 LOPAC!'?% samples screened with tau, the CD of dobutamine and salbutamol
were the ones with the highest similarity to that of the monomeric form of tau with minimum

changes as a function of time revealing their inhibitory property against tau’s aggregation.

Tau aggregation kinetics monitored by Thioflavin T

Tau aggregation in vitro into insoluble filaments coincides with increased B-sheet structure
and reactivity to the amyloid specific dye ThT, which can be used to follow the kinetics of tau
self-assembly into amyloid.33#346 Here, ThT was used to study the kinetics of tau aggregation in
the presence of fenoterol, dobutamine and salbutamol, respectively. Figure 5A indicates that tau

self-assembly coincides with a time-dependent sigmoidal increase in ThT fluorescence intensity
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representing  overlapping  prenucleation,  nucleation,  filament  elongation  and
maturation/termination steps.*’ Fenoterol at 10 uM had no significant effect on the tau
aggregation rate or yield of filaments (as represented by the end-point fluorescence) and at 20
uM the drug increased the rate of aggregation, as also observed in the CD analysis (Figure 4B).
Addition of dobutamine or salbutamol reduced the end-point fluorescence intensity, with
salbutamol being more effective than dobutamine at lower (1.25 pM and 5 uM) concentrations
(Figure 5 B and C). The normalised ThT profile for tau alone (Figure 5 D and E) agrees well with
a curve calculated for specific values of the rate constants for primary nucleation (k,), fibril
elongation (k) and fragmentation (k.), and secondary nucleation (k;) as well as the reaction order
for the primary (n.) and secondary (n,) processes.*® The data for tau treated with dobutamine and
salbutamol reveal that both compounds increase s for completion of aggregation (Figure 5, D
and E). Good fits of calculated curves to the ThT profiles are achieved by decreasing only the
primary nucleation rate constant k,, from 2 x 10 M- s! to 9 x 10® M-! in the presence of
equimolar dobutamine and to 1 x 10> M! s! for salbutamol. It should be noted, however, that
without global curve fitting to ThT data obtained at different tau concentrations there is
uncertainty in the values of these constants. With this caveat, the fitting suggests that the
compounds interact with pre-nucleation species of tau formed during the lag phase, reducing their

ability to form a critical nucleus.
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25 Figure 5. Effects of catecholamine-derived P,-adrenergic receptor agonists on tau aggregation
27 monitored by time-resolved ThT fluorescence. A-C) Aggregation kinetics of 20 uM tau alone
(solid black line) or in the presence of different concentrations of fenoterol (A), dobutamine (B),
30 and salbutamol (C). The experiment of tau in the presence of salbutamol was also repeated at
32 lower concentrations of tau whilst maintaining the molar ratio. Each line represents the mean of
34 measurements in triplicate over 12 h. D) Normalised ThT fluorescence of tau alone and with 20
uM dobutamine. E) Normalised ThT fluorescence of tau alone and with 5 uM salbutamol. Error
bars in (D) and (E) represent the standard deviations from triplicate measurements. Red lines
39 were calculated from the equations of Cohen et al.*® For tau alone, the line of best fit (red)
41 corresponds to: k, =2 x 10° Ml sl k=6 x 10 M sl k. =3x 102 M-Is!, bk, =1x 104 M- g1,
ne =2, n, = 2. For tau with dobutamine the line of best fit was obtained by increasing k,to 9 x 10
44 6 M-! sl and for tau with salbutamol increasing k, to 1 x 10> M-! s'I- All other parameters were

46 kept constant.

51 It is not surprising that dobutamine, carrying a catechol moiety, inhibits tau aggregation
because of its similarity to other inhibitory catecholamines,?” but the discovery that salbutamol
56 has a larger effect, and at lower concentrations, is a more interesting prospect warranting further
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evaluation. Salbutamol, a Bp-adrenergic agonist and widely-used asthma therapy with a good

safety profile, does not bear a catechol moiety or a primary amine group, which extends its half-
life in vivo and facilitates rapid permeation through the blood brain barrier to about 5 % of the
plasma concentration.* Dobutamine, on the other hand, is a short-lived drug administered
intravenously for treatment of acute heart failure and cardiogenic shock, and would be of little

value as an AD therapy. We therefore restricted further analysis to salbutamol only.

Congo red confirms that salbutamol inhibits tau aggregation in vitro.

Phenolic compounds have been shown to produce a false positive effect when screened for
inhibition of amyloid self-assembly using ThT fluorescence.’®® This is because some
polyphenols absorb in the same region of the visible spectrum as ThT (not an issue with
salbutamol) but also because the compounds may compete with ThT for the amyloid cross-j3
binding sites. We applied an alternative method, which exploits the enhancement of Congo red
(CR) absorbance upon binding to amyloid.’® After tau is incubated in the presence of CR for 6 h,
by which time aggregation is expected to reach completion, the CR absorbance intensity
increases with A, shifted from 490 nm to 500 nm and the appearance of a shoulder at about 540
nm (Figure 6A). The absorption spectrum of CR alone remains constant over this period and, as
expected, tau alone contributes little in this region of the spectrum (Figure 6, B and C). When tau
and CR are incubated with salbutamol for 6 h, the changes in the spectrum that accompany tau
aggregation are not observed (Figure 6D). Instead, only a small local increase in absorbance is

seen around 540 nm with a slight decrease in absorbance intensity at A.,. Hence the CR
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measurements are consistent with those of ThT indicating that salbutamol inhibits the normal

aggregation pathway of tau over the 6 h period.
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Figure 6. Congo red absorption confirms that salbutamol reduces tau fibril yield. A) Tau
aggregation monitored by CR absorbance in the visible region (440 — 600 nm) is accompanied by
an enhancement in the absorbance band after 6 h and a red shift of A,;,.x. The spectra of CR alone
(B), tau alone (C), or salbutamol and CR (data not shown) show no change over this time period.
D) In the presence of salbutamol and tau, the absorbance of CR decreases slightly at A, and
increases slightly at around 540 nm. Means and standard errors are shown for triplicate

measurements.
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Salbutamol binds to the native tau structure

Kinetic analysis of the ThT curves (Figure 5) indicates that dobutamine and salbutamol decrease
the nucleation rate constant for tau aggregation, which suggests that the drugs interact with tau

monomers or other pre-nucleation species.

To examine this possibility we observed the far-UV and near-UV CD spectra of monomeric, pre-
filamentous tau alone and in the presence of salbutamol. Tau aggregation does not occur for at
least 6 h by omitting heparin and DTT from the protein solution according to ThT assay and the
protein retains its initial conformation as confirmed by the far-UV CD spectrum (data not
presented). Tau is similarly stable in the presence of equimolar salbutamol under these conditions
(Figure 7A). The aromatic region of the near-UV CD spectra was then observed to detect an
interaction between salbutamol and pre-filamentous tau. In the absence of salbutamol the
negative CD from 260-300 nm is attributed to the 2 tyrosine and 2 phenylalanine residues of tau
(Figure 7B). The negative CD in this region is enhanced in the presence of equimolar salbutamol
(Figure 7B and C). Salbutamol is synthesized as a racemate in which the R-enantiomer has a 150-
fold high affinity for f-adrenoreceptors than the S-enantiomer,’! the latter has for a long time
been considered pharmacologically inactive and linked to adverse toxicity.3?> The racemate alone
does not show a CD spectrum whereas the R-enantiomer (called levalbuterol) does (Figure 7D),
hence the CD enhancement in the presence of tau must arise either from a perturbation of the
racemic mixture (e.g., by the two enantiomers interacting differently with tau) or from a
perturbation of the protein aromatic residues, or both. Nevertheless, the CD spectral changes in
the near-UV range is diagnostic of a binding interaction between one or both salbutamol

enantiomers with tau.
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Figure 7. Interaction of salbutamol with pre-filamentous tau. A) Far-UV CD spectra of tau (110
1M) in the absence of heparin and DTT. B) Near-UV CD spectra of tau (110 uM) in the absence
of heparin and DTT before (black line) and after (red line) the addition of 110 uM salbutamol. C)
Near UV CD spectrum of the salbutamol racemate (110 uM) alone (black line) and a difference

spectrum (red) obtained by subtracting the spectrum of tau with salbutamol from the spectrum of

tau alone. D) Near UV CD spectrum of 1 mM salbutamol racemate (black) and levalbuterol (red).
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Salbutamol influences the fibril morphology of tau

In the presence of heparin, tau aggregates into insoluble aggregates after 24 h and visualisation
by negative staining transmission electron microscopy (TEM) reveals a loose mesh of interwoven

filaments with typical amyloid morphology, consisting of networks of long unbranched fibres
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from 500 nm to 1 um (Figure 8A). Treatment of tau with salbutamol results in the deposition of
fibrillar structures with different morphologies to the untreated tau. In the presence of salbutamol
the filament density is drastically reduced, with the filaments sparsely distributed. However,
these remaining filaments are considerably longer in length than the untreated tau fibrils, and
possess regular repeating twists, causing a coiled effect (Figure 8B). This could possibly suggest
a preference for the paired helical filament structures commonly observed in tau deposits. The
TEM images concur with ThT and CD and indicate that salbutamol interferes with fibril

formation of tau.

Figure 8. Negatively stained TEM images of tau (20 pM) aggregates formed in the presence of
heparin (5 uM) after 24 hours incubation at 37 °C (A) and with the addition of 20 pM salbutamol

(B). Three different regions of the TEM grids are shown for each sample group.
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Molecular docking of salbutamol to tau fibrils

Currently, no structure of monomeric tau, dissociated from microtubules, is available in the
protein databank (PDB). This restricts the docking of compounds to the pre-nucleation species
where, given the data presented here, it appears salbutamol interferes with tau self-assembly.
Instead, the compounds investigated above, in addition to the amyloid diagnostic dye thioflavin T
and epigallocathin-3-gallate (EGCG), a known inhibitor of tau aggregation in vitro, were docked
to a model of heparin induced tau amyloid (PDB: 6QJH)>3 using ICM Pro (Molsoft)’*>7 to

compare the binding energies.

ICM Pro identified 8 binding pockets in this model of tau, (Figure 9A) of which only the largest
pocket by volume (Pocket 1) was predicted to be drugable with a Merck’s score of 1.19
exceeding the 0.5 cut off, with all other pockets having values below this (SI Table 1). The
majority of the compounds screened interact with this largest pocket, apart from thioflavin T
(Pocket 2) and fenoterol (Pocket 3). This suggests the reduction in ThT fluorescence by tau in the
presence of salbutamol, dobutamine and epinephrine, and therefore their apparent inhibition of
amyloid formation, is unlikely to be a type I (false positive) error caused by competitive binding

interference with the ThT dye.

EGCQG is included in the list of compounds docked due to observations elsewhere of its inhibitory
effect on amyloid proteins including tau,’® although its ability to interfere with heparin induced
tau amyloidosis is limited, and results only in a changed morphology.> Here, the overall binding
energy for EGCG (ICM grid docking energy = 6.8) to the heparin induced tau model is
considerably lower than many of the other compounds, including salbutamol (ICM grid docking
energy = -18.77) (SI Table 2). Despite this, both EGCG and salbutamol bind in the drugable
pocket, and both are stabilised by 2 hydrogen bonds. EGCG forms two hydrogen bonds with tau
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Figure 9. ICM PRO pocket finder (A) highlighting the 8 possible binding regions, and the
binding location and orientation of EGCG (B) and salbutamol (C) within binding pocket 1, with

hydrogen bonds depicted with spherical dotted lines.

between the phenolic hydroxy group and the hydroxy side chain of serine (293), and between a
hydroxy group on the gallate component of EGCG and the carbonyl backbone of glycine (303),
with both bonds forming within the same tau molecule (Figure 9B). These residues are on
opposite sides of the horseshoe fold surrounding Pocket 1, and this cross-liking could offer
stabilisation of the tertiary fold. Salbutamol also forms 2 hydrogen bonds between the phenolic
hydroxymethyl and the amine side chain of lysine (290) on one tau molecule, and between the
hydroxy group and the amine side chain of lysine (290) on a second molecule. The interaction of
salbutamol with 2 tau molecules vertically along the fibril axis, rather than within the single
molecule, could explain how salbutamol interferes with heparin induced tau amyloidosis. GAGs

such as heparin commonly form an initial interaction with amyloid species and acts as a scaffold
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structure, supporting amyloid formation.®®%> The binding of salbutamol across multiple tau
monomers may disrupt this interaction, thereby reducing the formation of the prenucleation

species, and subsequently modulating tau elongation (Figure 9C).

Conclusion

Developing new drug entities is costly and slow, with a high attrition rate, but with the pressing
economic burden of AD there is a strong motivation to expedite the R & D process. One
attractive approach is to repurpose existing drugs clinically approved for other indications. This
has been explored for indomethacin, a nonsteroidal anti-inflammatory drug which has shown
additional activity against AD in both cellular and mouse models by reducing the processing of
the aggregation-prone AB.%* Carvedilol, a non-specific adrenergic antagonist, interferes with the
amyloid self-assembly mechanism directly and prevents the formation of fibrils.®> Here we show
that two established B-adrenergic agonists, salbutamol and dobutamine modulate tau filament
formation by the AD protein tau in vitro. Many successful small compound inhibitors of amyloid
do so by one of three mechanisms: (i) stabilisation of the native structure, (ii) directing assembly
towards a non-amyloid structure or a non-toxic oligomeric species, or (iii) interfering with the -

sheet formation.%¢-67

High throughput CD investigations into the structural transition tau undergoes during self-
assembly is a novel way to screen libraries of compounds without the competing effects of using
amyloid diagnostic dyes, such as Thioflavin T or Congo red. Using this technique, we confirmed
that the known amyloid inhibitor epinephrine stabilised the native structure of tau, limiting its

transition into B-sheet rich species, although several of its metabolic intermediates did not,
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emphasising the necessity for a structural HTP screening technique. Searches for structurally
similar compounds identified 4 potential candidates already marketed for alternative therapeutic
uses: etamivan, fenoterol, dobutamine and salbutamol. Further investigations suggested neither

etamivan nor fenoterol had any significant effect on the kinetics of tau self-assembly.

Dobutamine is a P;-adrenergic receptor agonist possessing both polyphenolic and
catechol moieties. Its effects are short-lived due to the unmodified catechol moiety making it
labile to methyl-o-transferase, and it is administered intravenously for rapid treatment of
cardiogenic shock and severe heart failure. Here we find that, as reported for other catechols,
dobutamine interferes with amyloid fibril formation by tau. Salbutamol, a selective 3,-adrenergic
receptor agonist, is a catecholamine derivative with a modified methylhydroxy catechol group,
preventing its degradation by catechol-O-methyltransferases.®® Here, observations using four
independent techniques indicate that salbutamol markedly impairs tau self-assembly. Salbutamol
reduces the rate of tau aggregation, apparently by stabilising the native unaggregated structure,
and markedly reducing the amount of fibril deposition into twisted strands that closely resemble

paired helical filaments.

These findings indicate that the catechol moiety or primary amine, one or both
functionalities being features of many endogenous or plant-derived amyloid inhibitors, are not
essential for inhibition of tau’s aggregation. This is an important finding in an AD context, as
removal of these functionalities confer greater bioavailability and pharmacokinetics on
salbutamol compared to catechol(amines)s. Under normal physiological conditions,
catecholamines, including epinephrine, are metabolised by monoamine oxidase (MAQO) into the
non-toxic 3-4-dihydroxymandelic acid and hydrogen peroxide. However, due to the impaired
antioxidant defence system and increase in reactive oxygen species in neurodegenerative
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diseases, alternative pathways are triggered resulting in the production of o-semiquinone, o-
quinone, and subsequently nitronorepinephrine species.®® The latter impedes catechol-o-methyl
transferase activity and the neuronal update of norepinephrine, further promoting
neurodegeneration.”’ In the absence of the catechol moiety, salbutamol does not undergo the
same catalysed oxidation to o-semiquinone or o-quinone species. 3,-adrenoceptor agonists, such
as salbutamol, are primarily metabolised in the airways and gastrointestinal tract by
stereoselective sulfate conjugation, leading to an accumulation of the inactive S-enantiomer.”!
However, oxidation by inflammatory peroxidases, such as myeloperoxidase (MPO) and to a
lesser extent lactoperoxidase (LPO), is also viable, forming free radical species and structurally
modified derivatives, including 0,0’-disalbutamol.”> Whilst expression of MPO is often increased
in inflamed brain regions associated with AD and parkinsons,’>’* this is not the primary
metabolic pathway for BAR agonists, and salbutamol itself has been shown to possess antioxidant

activity against ROS and decrease MPO and LPO oxidation activity.”>

The challenges of targeting tau and AP aggregation in the brain are formidable and to
justify further evaluation of salbutamol, and/or related compounds, in animal models of AD one
must consider their bioavailability, specificity and pharmacokinetics. Salbutamol does enter the
brain in low concentrations when administered at high doses, but dobutamine has poor
penetration across the blood-brain barrier,’:7¢ although it is worth noting that isoprenaline,
another catecholamine with predicted poor brain penetration, reduces the level of detergent
insoluble tau in mouse brains.®* Salbutamol has a half-life of 2.7-5 hours and dobutamine of 2
minutes.’! Clearly, the primary role of these compounds in activating ; and B,-adrenergic
receptors must also be considered. P,-adrenoreceptor stimulation has been shown to promote the

cleavage and release of the amyloidogenic AB40/42 peptide via upregulation of the y-secretase
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enzyme,”” which could have negative consequences for the onset of AD. Conversely, [,-
adrenoceptor activation enhances neurogenesis and ameliorates memory deficits in the APP/PS1
mouse model of AD.”® Salbutamol is administered as a racemate, but as the R-enantiomer of
salbutamol has greater selectivity for B,-adrenoreceptor than does the S-enantiomer, one could

potentially disentangle the effects of receptor stimulation from direct action on tau.

In summary, we have demonstrated in vitro ability of PAR agonists to inhibit tau
amyloidosis, thus providing the basis for further in vitro, and eventually a full in vivo evaluation
of B-adrenergic receptor agonists as potential therapeutics for AD. Future work would continue to
characterise these two compounds for their enantioselective ability to modulate AP amyloidosis,
in addition to other available BAR agonists that possess the desired pharmacokinetics and ability
to permeate the blood brain barrier. Successful drug candidates can then be evaluated in a
suitable mouse model, such as the 3xTG, which develops both AP and tau amyloid pathologies
and would therefore be an ideal model to study the potential dual interference of AD associated

amyloidosis by BAR agonists.
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3. Methods and Materials
Tau expression

The tau construct used in this work comprises residues 255-441 of human tau from cDNA clone
htau46.3! This isoform consists of the 4 microtubule binding (MTB) repeat units (tau 4R), but
with the aggregation impeding N terminus removed, leaving the 2" and 3" MTB with the highly
amyloidogenic sequences VQIINK and VQIVYK, respectively.””# The protein was expressed

and purified as previously described3!.
Effect of dobutamine and salbutamol on the aggregation kinetics of tau

The formation of amyloid was measured with the amyloid specific dye Thioflavin T (ThT). Tau
with heparin (20 and 5 uM respectively), was incubated in Tris (30 mM), DTT (1 mM) at pH 7.5
with Thioflavin T (20 uM), alone or in the presence of dobutamine or salbutamol (5-20uM) at 37
°C. Fluorescence measurements, with excitation at 450 nm and emission at 482 nm, were taken
from triplicate samples on a Molecular Devices Flexstation 3 Microplate Reader (Molecular
Devices), every 2 minutes for 50 hours, with agitation for 10 seconds prior to each read.
Normalised ThT data was fitted using the equations detailed in Cohen et al.*® and amending the

rate constant k, until convergence was achieved using the graphical software Origin Pro 2019.

Tau (20 uM) with heparin (5uM), was incubated in Tris (30 mM), DTT (1 mM) at pH 7.5 alone
or in the presence of salbutamol (20 uM) at 37 °C for 6 hours. Congo red (20 uM) was added and

absorbance spectra acquired on a Flexstation 3 multi-well plate reader between 440-600 nm.
Circular Dichroism.

Tau with heparin (20 and 5 uM, respectively) was incubated in Tris (30 mM), DTT (1 mM) at pH

7.5, alone or in the presence of dobutamine or salbutamol (20 uM) at 37 °C with agitation.
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Spectra were acquired hourly during the first 5 hours, followed by acquisition of a final spectra
after 24 hours. Spectra were acquired on a Chirascan Plus CD spectrometer between 180 and 260
nm with a band width of 1 nm, using a path-length of 0.2 mm. Background signals of buffer,
heparin and the relevant compound were subtracted from the spectra of tau with potential
aggregation inhibitors. The content of secondary structure elements in terms of percentage of a-
helix, B-strand, turn and unordered conformations was estimated from CD spectra in the 190-260

nm region using BeStSel algorithm.3>

Far UV spectra of tau alone (110 uM) or in the presence of salbutamol (110 pM) were acquired
between 250-350 nm on a Chirascan Plus CD spectrometer with a path-length of 0.2 mm, at
Diamond Light Source B23. Subtracting the spectrum of tau alone from the tau with salbutamol
spectrum produced differential spectra. Spectra of levalbuterol (1 mM) were later acquired on the

same instrument at Lancaster University using a path-length of 2 mm for comparison.

High Throughput Circular Dichroism (HTCD)

Tau with heparin (20 and 5 pM, respectively) was incubated in Tris (30 mM), DTT (1 mM) at pH
7.5, alone or in the presence of compounds from a LOPAC compound library at 37 °C. Samples
were prepared in batches of 12 and 15 puLL was loaded into a custom-designed 96 plate of fused
silica (Suprasil quartz), 1 row at a time using B23 beamline equipped with vertical chamber.3°
Spectra were acquired for each row between 190 and 260 nm with a bandwidth of 1 nm and a
pathlength of 0.02 cm, before the next 12 samples were prepared and the process repeated. After
completion of all 8 rows, spectra of the entire plate were collected hourly for 6 hours. HTCD
spectra from the plates containing the LOPAC library compounds in aggregation buffer were
subtracted from the HTCD spectra of incubated tau with heparin and the corresponding LOPAC

library compounds (Supporting Information Table SI3).

30

ACS Paragon Plus Environment

Page 30 of 46



Page 31 of 46

oNOYTULT D WN =

ACS Chemical Neuroscience

Transmission Electron Microscopy

Tau with heparin (20 and 5 pM, respectively) was incubated in Tris (30 mM), DTT (1 mM) at pH
7.5, alone, or in the presence of dobutamine or salbutamol (20 uM) at 37 °C for 24 hours with
agitation. A 10 pL suspension was spotted onto carbon coated formar grids (Agar Scientific,
UK). After 5 minutes the excess liquid was removed via blotting. For negative staining, 10 pL of
2 % phosphotungstic acid was spotted onto the loaded grids, and left for 3 minutes before
blotting the excess. Grids were viewed on a Jeol JEM-1010 electron microscope and images
captured at 80 KV with an AMT Nanosprint500 digital camera (Deben, UK) were representative

of the entire grid.

ICM Docking

All molecular docking models were based on the cryo-EM structure of heparin induced 2N4R
filaments (PDB 6QJH)*? in order to replicate the conditions used throughout this study, and all
simulations were completed on Molsoft ICM Pro 3.9-1a software. The PDB 6QJH file was
converted to the ICM file, with tightly bound water molecules remaining, and hydrogen,
histidine, proline, glutamate, glycine and cysteine residues were all optimised. Binding pockets
were identified using the ICM Pro pocket finder algorithm with a tolerance of 3 and ordered by
their volume in table S1. The ICM file of 6QJH was prepared for docking, ensuring the box
covered the entire protein surface and the initial ligand position left in its automatically selected
starting location. Docking was initiated by creating a chemical table of the individual compound
from the ChEMBL database, and docking to the ICM file of 6QJH with a thoroughness of 10 and

3 conformations, with racemic species sampled.
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Beta 1-40 (MAB40), Microtubule Associated Protein Tau (MAPT), Microtubule Binding (MTB),
Monoamine oxidase (MAO), Myeloperoxidase (MPO), Neurofibrillar Tangles (NFT), Secondary

structure estimation (SSE), synchrotron radiation (SR), Thioflavin T (ThT).
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