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A B S T R A C T   

The neuronal protein α-synuclein (α-syn) is one of the main constituents of intracellular amyloid aggregations found in the post-mortem brains of Parkinson’s disease 
(PD) patients. Recently, we screened the MeOH extracts obtained from 300 sub-tropical marine invertebrates for α-syn binding activity using affinity MS and this 
resulted in the extract of the Verongida marine sponge Aplysinella sp. 1194, (QM G339263) displaying molecules that bind to the protein. The subsequent bioassay- 
guided separation of the Aplysinella sp. extract led to the isolation of the known bromotyrosine derivatives (+)-aerothionin (1) and (+)-aerophobin-2 (2). Both 
compounds bind to α-syn as detected by a MS affinity assay and inhibit α-syn aggregation in an assay that uses the fluorescence probe, thioflavin T, to detect ag-
gregation. (+)-Aerothionin (1) was toxic to primary dopaminergic neurons at its expected α-syn aggregation inhibitory concentration and so could not be tested for 
inhibition of pSyn aggregates in this functional assay. (+)-Aerophobin-2 (2) was not toxic and shown to weakly inhibit pSyn aggregation in primary dopaminergic 
neurons at 10 µM.   

Introduction 

The neuronal protein α-synuclein (α-syn) is one of the main con-
stituents of intracellular amyloid aggregates found in the post-mortem 
analyses of numerous brain regions, including the substantia nigra, of 
patients with Parkinson’s disease (PD). These intracellular, perinuclear 
aggregates, commonly referred to as Lewy bodies, and similar aggre-
gates in neurites, known as Lewy neurites, are considered to be neuro-
pathological hallmarks of PD.[1] Although the role of α-syn aggregation 
in the development and progression of PD is not well understood, several 
studies have shown that the initiation of the α-syn aggregation cascade 
leads to cellular toxicity and, eventually, neurodegeneration.[2–4] The 
α-syn aggregation cascade describes the process by which intrinsically 
disordered, monomeric α-syn misfolds into several β-sheet-containing 
oligomeric species which further aggregate into mature amyloid fibrils. 
[5,6] It is now widely accepted that the oligomeric species of α-syn is the 
true source of toxicity associated with PD with suggestions that late- 
stage aggregates may form as part of a protective mechanism aimed at 

detoxifying the oligomeric species.[2,3,7,8] The complex events that 
lead to the initiation of the α-syn aggregation cascade are also not well 
understood, although genetic and environmental factors are thought to 
be involved. Familial cases of PD account for only ~5% of cases; among 
them rare point mutations in, and gene multiplications of the α-syn gene 
(SNCA) account for a very small proportion of cases.[9–11] Interest-
ingly, several environmental factors such as pesticides (i.e., rotenone) 
have also been identified as risk factors linked to the development of PD. 
[12] Unlike some other drug-induced models of PD, abnormal protein 
aggregation is one of the phenotypes observed in rotenone-induced 
animal PD models.[13] Although it accounts for ~1% of cytosolic pro-
tein, α-syn’s biological functions remain elusive. However, mounting 
evidence suggests that it is intrinsically involved with the maintenance 
of synaptic regulation through processes such as molecular chaperoning, 
[14] and vesicle trafficking.[15,16] As the incidence of PD continues to 
increase, so does the demand for new and improved treatments. As a 
result, over the last decade, inhibition of the α-syn aggregation cascade 
by small molecules has received more attention as a therapeutic target 
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for PD.[17–19] Recent reviews have shown that the natural environ-
ment is a viable source of diverse small molecule amyloid aggregation 
inhibitors.[20,21]. 

Several assays have now been developed to identify small molecules 
that bind directly to α-syn and inhibit its aggregation. This includes mass 
spectrometry-based binding assays [22] and thioflavin T (ThT) amyloid 
dye aggregation assays.[23] In related studies we have used the MS 
based binding assay to identify molecules from complex mixtures that 
bind to α-syn.[24] We have also utilized the ThT aggregation assay to 
demonstrate the inhibition of the α-syn aggregation cascade by several 
of these binding molecules.[25–27] Recently, we screened the MeOH 
extracts obtained from 300 sub-tropical marine invertebrates for α-syn 
binding activity, resulting in the extract of the Verongida marine sponge 
Aplysinella sp. 1194, (QM G339263) displaying activity. The subsequent 
bioassay-guided separation of the Aplysinella sp. extract led to the 
isolation of the known bromotyrosine derivatives (+)-aerothionin (1) 
and (+)-aerophobin-2 (2) as the constituents that bind to α-syn.[28–33] 
(Fig. 1). Aerothionin (1) has previously been isolated from several 
Verongida sponges and shown to possess antibacterial, cytotoxic and 
anticancer activities.[32–34] Aerophobin-2 (2) has also been isolated 
from several Verongida sponges.[30,31] Interestingly, aerothionin (1) 
has been detected in the extract of the bacterium Pseudovibrio deni-
trificans Ab134 suggesting a microbial origin.[35] Herein, we report the 
α-syn binding and aggregation inhibitory activity of (+)-aerothionin (1) 
and (+)-aerophobin-2 (2). 

The freeze-dried Aplysinella sp. (#1194) material was exhaustively 
extracted with MeOH. Mass-spectrometry based screening of the Aply-
sinella sp. extract with α-syn indicated the presence of a compound with 
a mass of 818 Da that binds to α-syn. The Aplysinella sp. extract was then 
separated using a preparative C18 silica gel HPLC column, eluted with a 
gradient from H2O to MeOH. The resulting fractions were screened for 
α-syn binding activity yielding two pure compounds that displayed 
binding activity towards α-syn, aerothionin (1) and aerophobin-2 (2). 
Both compounds were incubated with α-syn at a 5:1 (compound 50 µM: 
protein 10 µM) molar ratio for 3 h before the acquisition of a mass 
spectrum. The addition of peaks in the mass spectrum that mirrored the 
unique distribution pattern of α-syn’s charged states indicated the 
presence of complexes that had formed between α-syn and aerothionin 
(1) (Fig. 2) and α-syn and aerophobin-2 (2) (see supplementary file). 

To assess the effect that the binding of aerothionin (1) and 
aerophobin-2 (2) has on the α-syn aggregation cascade, aerothionin (1) 
was incubated with α-syn at 1:1 (compound 80 µM: protein 80 µM) and 
5:1 (compound 400 µM: protein 80 µM) molar ratios under conditions 
that promote aggregation using a ThT amyloid dye assay.[36,37] 
Aerophobin-2 was incubated with α-syn at 5:1 (compound 400 µM: 
protein 80 µM), 10:1 (compound 800 µM: protein 80 µM) and 20:1 
(compound 1.60 mM: protein 80 µM) molar ratios under conditions that 
promote aggregation. After 30 h, aerothionin (1) inhibited aggregation 
by 50.7% (±9.7%) (P < 0.0001) when screened at a 1:1 M ratio and 71.6 
% (±5.4 %) (P < 0.0001) when screened at a 5:1 M ratio (Fig. 3). 

Aerophobin-2 (2) inhibited aggregation by 42.8% (±10.6%) (P <
0.0001) when screened at a 10:1 M ratio and 46.0 % (±0.6 %) (P <
0.0001) when screened at a 20:1 M ratio (Fig. 3), aerophobin-2 (2) did 
not inhibit α-syn aggregation when screened at a 5:1 M ratio (see sup-
plementary file). 

The effect of aerothionin (1) and aerophobin-2 (2) on α-syn aggre-
gation was then assessed using a modified version of a cell-based model 
for α-syn aggregation.[38] Prior to undertaking this assay the toxicity of 
1 and 2 towards naïve TH neurons without fibrils after 72 h treatment 
was assessed so that suitable dosages below cell toxicity levels could be 
used in the aggregation assay. Aerothionin (1) was toxic at doses of 1 µM 
and above (see supplementary file) while aerophobin-2 (2) was not toxic 
up to the highest dose tested (10 µM). The cell-based model for α-syn 
aggregation utilizes pre-formed α-syn fibrils (PFFs), relatively short fi-
brils of recombinant α-syn, which can be internalized by cells, e.g. 
midbrain dopamine neurons, and then induce the formation of Lewy 
body-like, phosphorylated at Serine 129 α-syn (pSyn) aggregates in 
neurons.[39,40] Phosphorylation at Serine129 of α-syn is routinely used 
to detect Lewy bodies in post-mortem PD patient brains,[41] and it has 
also been suggested as a marker of severity of PD.[42] In this experi-
ment, cultured primary dopaminergic neurons (Tyrosine Hydroxylase, 
TH positive neurons) are kept without an external supply of survival 
increasing neurotrophic factors (such as glial cell-line derived neuro-
trophic factor, GDNF) [43] for eight days of in vitro growth (DIV8). On 
DIV-8, α-syn PFFs (2.5 µg/mL) were introduced to cultured primary 
dopaminergic mouse neurons, and then 15 min later, positive control 
(GDNF), aerothionin (1) (0.1 µM and 0.01 µM) or aerophobin-2 (2) (1.0 
µM and 10 µM) were introduced. Cultures were further incubated for 
seven days with both PFFs and compounds. At DIV15, the presence of 
intracellular pSyn aggregates in TH-positive neurons was analysed by 
immunostaining. The numbers of TH neurons with or without pSyn 
aggregates in compound-treated cultures were quantified by unbiased 
image analysis and compared to the vehicle control (VEH). Aerothionin 
(1) was inactive in preventing pSyn accumulation at its highest non- 
toxic dose (0.1 µM) (Fig. S9). In contrast, aerophobin-2 (2) was found 
to have a statistically significant (p < 0.01) effect on pSyn aggregation at 
10 µM, but not at lower concentrations (Fig. 4). 

Aerophobin-2 (2) is active in the ThT aggregation assay and we have 
further shown that it can effectively inhibit the intracellular aggregation 
of α-syn at 10 µM in dopaminergic mouse neurons. We believe these 
complementary assays support the hypothesis that aerophobin-2 is a 
α-syn aggregation inhibitor and that its cell activities suggests that it 
may block the internalization of short fibrils of α-syn. The toxicity of 1 in 
the cell assay at concentrations of 1 µM and above precluded our ability 
to test its intracellular aggregation inhibitory activity but there is po-
tential that it could display significant inhibition of α-syn internalization 
if not for its toxicity. The observation that the weaker ThT assay ag-
gregation inhibitor aerophobin-2 (2) does inhibit internalization and 
aggregation of α-syn in neurons provides promise for other bromotyr-
osine derivatives to prevent α-syn’s prion-like spread and aggregation, 
but there is also a possibility that 2 has a different mechanism of 
inhibitory action in the intracellular aggregation assay compared to 1. 
We have previously shown that the related compounds, aplysamine-2 
(3) and purealidine-Q (4) (Fig. 5) cure prion infections in yeast, point-
ing to a common amyloid protein anti-aggregation mechanism,[44] 
while ThT α-syn aggregation inhibition screening of 3 and 4 showed that 
4 inhibited aggregation.[45] This combined evidence suggest that bro-
motyrosine derivatives provide a viable starting point to design ana-
logues for PD drug development with improved activity and low 
toxicity. Chemical modification of 2 to incorporate features present in 1 
and 4 leading to an increase in in vitro aggregation inhibition to levels 
similar to that observed for aerothionin’s (1) in the ThT aggregation 
assay while maintaining low toxicity would be ideal and this would also 
help to answer questions relating to shared or different modes of action. 

A MarinLit database search has revealed 109 sponge derived com-
pounds that contain the spirodibromocyclohexyl system that is shared 

Fig. 1. Aerothionin (1) and aerophobin-2 (2) isolated from the marine sponge 
Aplysinella sp. (#1194). 

D.W. Prebble et al.                                                                                                                                                                                                                             



Results in Chemistry 4 (2022) 100472

3

with 1, 2 and 4.[49] and we suggest that compounds containing the 
spirodibromocyclohexyl system such as fistularin-3 (5) and hexadellin A 
(6) be investigated for their aggregation inhibitory activity towards 
α-syn (Fig. 5). 

Access to derivatives via synthesis would be ideal and importantly 

the complete asymmetric synthesis of compounds related to aerophobin- 
2 (2), such as (+) aerothionin (1), has now been reported.[46] 
Furthermore, aerothionin (1) is patented for the treatment of stroke, 
brain ischemia, cognitive disorders such as senile dementia, attention 
deficit disorder, cerebrovascular dementia, mild recognition 

Fig. 2. α-synuclein binding assay. (a) Mass spectrum for untreated α-syn, with the peaks marked by their charged state. (b) Mass spectrum for α-syn treated with 
aerothionin (1), arrows indicating the additional peaks representing a 1:1 α-synuclein-aerothionin (1) complex. (c) The deconvolution process generating the mass of 
the bound compound. 

Fig. 3. a) Relative ThT fluorescence of α-syn alone and after being incubated for 30 h with the positive control EGCG at a 5:1 (EGCG 400 µM: protein 80 µM) molar 
ratio and aerothionin (1) at 1:1 (compound 80 µM: protein, 80 µM) and 5:1 (compound 400 µM: protein 80 µM) molar ratios, (Error bars = ± SD). b) Relative ThT 
fluorescence of α-syn alone and after being incubated for 30 h with the positive control EGCG at a 5:1 (EGCG 400 µM: protein 80 µM) molar ratio and aerophobin-2 
(2) at 10:1 (compound 800 µM: protein, 80 µM) and 20:1 (compound 1.60 mM: protein 80 µM) molar ratios, (Error bars = ± SD). 
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impairment, and/or neurodegenerative dementing disease with aber-
rant protein aggregations, especially Alzheimer’s disease or condition, 
or prion diseases such as Creutzfeld-Jacob disease and Gerstmann- 
Straussler-Scheinher disease.[47] This is claimed to be due to 1′s 

voltage-dependent calcium channel (VDCC) blocking activity in SH- 
SY5Y neuroblastoma cells (6 µM), in vitro inhibition of acetylcholines-
terase (10 µM) and in vitro inhibition of butyrylcholinesterase (10 µM). 
[47] However, since α-syn is expressed at low basal levels in SH-SY5Y 

Fig. 4. (a) The effect of aerophobin-2 (2) on intracellular α-syn aggregation. Compared to a vehicle (VEH) control, numbers of tyrosine hydroxylase (TH) neurons 
containing pSyn aggregates were significantly reduced by treatment with 10 µM aerophobin-2 (2) (**p < 0.01); this effect was dose-dependent (**p < 0.01) and not 
present at the lower dose (1 µM) of (2) (not significant, ns). Treatment with 1.6 nM GDNF was used as a positive control (****p < 0.0001) (one-way ANOVA, followed 
by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli). (b) Toxicity of aerophobin-2 (2) against primary dopaminergic mouse neurons. Neither 
controls (VEH and GDNF), nor the compound (2), regardless of inoculation with PFFs, affected the number of TH neurons in a statistically significant manner. (two- 
way ANOVA, followed by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli). N = 4 independent experiments, all data are mean ± SD. 

Fig. 5. Marine-derived bromotyrosine compounds aplysamine-2 (3) and purealidine-Q (4), fistularin-3 (5) [35] and hexadellin A (6) [30].  
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cells and its overexpression in these cells has been shown to lead to the 
formation of α-syn aggregates (demonstrating the presence of the α-syn 
aggregation cascade),[48] the neuroprotective effect observed by Gil 
et al.[47] could also be attributed to interactions with α-syn. We propose 
that future work in this area should also consider this possibility. Aer-
othionin’s lower reported toxicity in SH-SY5Y neuroblastoma cells also 
provides an opportunity to test its α-syn intracellular aggregation inhi-
bition in a different cell line. 

In summary, we have demonstrated that the bromotyrosine de-
rivatives aerothionin (1) and aerophobin-2 (2) bind to α-syn and inhibit 
its aggregation in a ThT aggregation assay. We have also demonstrated 
that aerophobin-2 (2) inhibits the aggregation of α-syn in primary 
dopaminergic mouse neurons. We believe the activity displayed by 
aerothionin (1) and aerophobin-2 (2) suggests that other bromotyrosine 
derivatives may show activity towards inhibition of spreading prion-like 
forms of α-syn. For this reason, we suggest that related bromotyrosine 
derivatives be screened for their activity against α-syn. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

DP was supported by an Australian Postgraduate Award (APA) pro-
vided by the Australian Commonwealth Government. DP also gratefully 
acknowledges the Bennelong foundation for the provision of a Top-Up 
Scholarship. AD, SE and IH were supported by the Academy of 
Finland grants #293392, #319195. IH and MA were funded by Faculty 
of Pharmacy, and MA by Neuroscience center, HiLIFE, University of 
Helsinki. SE was also funded by the University of Helsinki Doctoral 
Program on Drug Research. SE and IH also thank the Faculty of Phar-
macy, the University of Helsinki for the technical support regarding the 
ImageXpress Micro Automated Imaging System. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rechem.2022.100472. 

References 

[1] L.V. Kalia, A.E. Lang, Parkinson’s disease, Lancet. 386 (2015) 896–912, https:// 
doi.org/10.1016/S0140-6736(14)61393-3. 

[2] G. Fusco, S.W. Chen, P.T.F. Williamson, et al., Structural basis of membrane 
disruption and cellular toxicity by α-synuclein oligomers, Science (80-) 358 (6369) 
(2017) 1440–1443, https://doi.org/10.1126/science.aan6160. 

[3] B. Winner, R. Jappelli, S.K. Maji, et al., In vivo demonstration that α-synuclein 
oligomers are toxic, PNAS. 108 (10) (2011) 41944199, https://doi.org/10.1073/ 
pnas.1100976108. 

[4] A.-L. Mahul-Mellier, J. Burtscher, N. Maharjan, et al., The process of Lewy body 
formation, rather than simply α-synuclein fibrillization, is one of the major drivers 
of neurodegeneration, PNAS. 117 (9) (2020) 4971–4982, https://doi.org/10.1073/ 
pnas.1913904117. 

[5] A.D.G. Leitão, P. Rudolffi-Soto, A. Chappard, et al., Selectivity of Lewy body 
protein interactions along the aggregation pathway of ̂I±-synuclein, Commun Biol. 
4 (1124) (2021), https://doi.org/10.1038/s42003-021-02624-x. 

[6] M.G. Spillantini, R.A. Crowther, R. Jakes, M. Hasegawa, M. Goedert, α-Synuclein in 
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia with 
Lewy bodies, Proc Natl Acad Sci. 95 (11) (1998) 6469–6473, https://doi.org/ 
10.1073/pnas.95.11.6469. 

[7] J.M. Milber, J.V. Noorigian, J.F. Morley, et al., Lewy pathology is not the first sign 
of degeneration in vulnerable neurons in Parkinson disease, Neurology. 79 (24) 
(2012) 2307–2314, https://doi.org/10.1212/WNL.0b013e318278fe32. 

[8] A. Carija, S. Navarro, N.S. de Groot, S. Ventura, Protein aggregation into insoluble 
deposits protects from oxidative stress, Redox Biol. 12 (2017) 699–711, https:// 
doi.org/10.1016/j.redox.2017.03.027. 

[9] K. Rosborough, N. Patel, L.V. Kalia, α-Synuclein and Parkinsonism: Updates and 
Future Perspectives, Curr Neurol Neurosci Rep. 17 (4) (2017) 31, https://doi.org/ 
10.1007/s11910-017-0737-y. 

[10] C. Klein, A. Westenberger, Genetics of Parkinson’s Disease, Cold Spring Harb 
Perspect Med. 2 (1) (2012), a008888, https://doi.org/10.1101/CSHPERSPECT. 
A008888. 

[11] M. Farrer, F. Wavrant-De Vrieze, R. Crook, et al., Low frequency of α-synuclein 
mutations in familial Parkinson’s disease, Ann Neurol. 43 (3) (1998) 394–397, 
https://doi.org/10.1002/ANA.410430320. 

[12] V.N. Uversky, J. Li, A.L. Fink, Pesticides directly accelerate the rate of α-synuclein 
fibril formation: a possible factor in Parkinson’s disease, FEBS Lett. 500 (3) (2001) 
105–108, https://doi.org/10.1016/S0014-5793(01)02597-2. 

[13] M. Airavaara, I. Parkkinen, J. Konovalova, K. Albert, P. Chmielarz, A. Domanskyi, 
Back and to the Future: From Neurotoxin-Induced to Human Parkinson’s Disease 
Models, Curr Protoc Neurosci. 91 (1) (2020) e88. 
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