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Development 
of a hydroxyflavone‑labelled 
4554W peptide probe 
for monitoring αS aggregation
Kathryn J. C. Watt 1, Richard M. Meade 1, Tony D. James 2 & Jody M. Mason 1*

Parkinson’s is the second most common neurodegenerative disease, with the number of individuals 
susceptible due to increase as a result of increasing life expectancy and a growing worldwide 
population. However, despite the number of individuals affected, all current treatments for PD 
are symptomatic—they alleviate symptoms, but do not slow disease progression. A major reason 
for the lack of disease‑modifying treatments is that there are currently no methods to diagnose 
individuals during the earliest stages of the disease, nor are there any methods to monitor disease 
progression at a biochemical level. Herein, we have designed and evaluated a peptide‑based probe 
to monitor αS aggregation, with a particular focus on the earliest stages of the aggregation process 
and the formation of oligomers. We have identified the peptide‑probe K1 as being suitable for further 
development to be applied to number of applications including: inhibition of αS aggregation; as a 
probe to monitor αS aggregation, particularly at the earliest stages before Thioflavin‑T is active; and a 
method to detect early‑oligomers. With further development and in vivo validation, we anticipate this 
probe could be used for the early diagnosis of PD, a method to evaluate the effectiveness of potential 
therapeutics, and as a tool to help in the understanding of the onset and development of PD.

Despite being the most common motor neurodegenerative disease, there is currently no way to conclusively 
diagnose Parkinson’s disease (PD), and this is especially true in the earliest stages of the disease. At present, the 
main method of PD diagnosis is through the observation of motor symptoms—such as motor rigidity, resting 
tremor and postural instability—however, these symptoms are only present in the later stages of the  disease1. The 
inability to conclusively diagnose PD in the earliest stages of aggregation—a key diagnostic for the disease—is one 
of the reasons why no disease-modifying treatment is currently available. By not being able to identify individuals 
with early (prodromal) forms of the disease, they are not able to be recruited for clinical trials at a stage where 
the treatments are designed to be most  effective2–4. Furthermore, once a clinical trial is underway, there is no 
way to clinically measure the effectiveness of treatments at a biochemical  level3,4. Consequently, many potential 
treatments fail due to ineffective methods to diagnose and track disease progression.

Therefore, the design and development of methods to accurately monitor biomarkers that correlate to disease 
progression are highly desirable. To be able to predict, diagnose, and monitor disease progression at a biochemical 
level would greatly assist in improving the diagnosis of PD, and hence would also enable improved treatments. 
Several potential biomarkers have been identified in PD, however, αS is the most highly validated to date due to 
its association with familial PD and its presence in Lewy  bodies5–7. In addition to being extremely relevant at a 
biochemical level (for example, through the association of αS oligomerisation and cell toxicity), αS is a highly 
desirable biomarker due to it being readily excreted into extracellular space and can be identified in a wide range 
of biological fluids including cerebrospinal fluid (CSF), blood, saliva, and tissue samples such as the gastroin-
testinal (GI) tract, and  skin7–12. The concentration of αS is highly variable throughout the body ranging from 
low pM in samples such as saliva and skin, to significantly more concentrated in presynaptic terminals, where 
levels are reported to be in the region of 50–140 μM13–16. Therefore, suitable methods to detect αS, either in the 
brain or non-invasive peripheral fluids, and correlate this to disease onset and severity, is a highly important 
research aim in the PD field.

Many of the probes designed to monitor αS aggregation currently reported in the literature have a focus 
on detecting  fibrils17. There are few examples that specifically detect αS oligomers and the earliest stages of αS 
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 aggregation18,19. However, developing probes specific to oligomers and conformers formed in the earliest stages 
of aggregation, would be most beneficial for developing an improved understanding of the disease pathway, 
in research for developing disease-modifying treatments, and in developing methods to diagnose the disease.

However, one of the main challenges facing the development of probes (and therapeutics) of αS aggregation 
is the vast array of protein–protein interactions (PPIs) that form throughout the aggregation pathway—from 
on- and off-pathway oligomers and conformers of a wide variety of sizes, through to amyloid  fibrils20. PPIs are 
notoriously difficult to target with small molecules primarily due to the large, shallow target surface  areas21. How-
ever, larger biological molecules—such as peptides—often provide much higher selectivity and affinity towards 
these interactions due to their ability to make many more contacts with the target. There are multiple possible 
mechanisms in which a peptide may be able to distinguish between different protein conformations, such as 
between different oligomers or aggregates. For example, the peptide may preferentially bind to a selective confor-
mation of the protein (e.g. monomer vs. fibril), or by labelling a peptide with an environmentally-sensitive fluo-
rophore, it may be possible to report on the range of binding environments of the peptide—for example, it may 
not selectively bind to monomer vs. oligomer, but the fluorescence response may differ in these two situations.

Herein we design and evaluate a peptide-based probe to monitor αS aggregation, with a particular focus to 
monitor the earliest stages of aggregation and the formation of oligomers. These probes could be developed for 
several potential applications including early diagnosis of PD (i.e. before symptoms begin), a method to evaluate 
the effectiveness of potential therapeutics, and as a tool to help in the understanding of the onset and develop-
ment of PD. Many of the probes (small-molecule or peptide based) currently described in literature either are not 
specific to αS, or do not detect  oligomers17,22–24. Therefore, herein the probes have been designed using a library 
derived peptide (4554W) previously identified by our group that is capable of binding to αS, that inhibits the 
earliest stages of aggregation, and impacts upon  cytotoxicity25. Moreover, an analogue of the fluorophore 3-HF 
was chosen due to previous success in measuring Aβ  aggregation26. Several methods have been used to help 
evaluate the success of the design of the probes including ThT assays to determine if the labelled-peptides are 
still effective at reducing aggregation of αS (if so, they have the potential to be used as theranostic); fluorescence 
polarization assays to determine if the probes can provide an alternative method of monitoring aggregation 
pathways, especially one that is more sensitive to the formation of oligomers; and an assay to determine if the 
spectra of the probe is sensitive to various early-oligomer samples.

Results and discussion
Peptide‑probe design. Previously, an intracellular protein-fragment complementation assay (PCA) library 
screen (> 200,000 members) identified the 4554W peptide as an inhibitor of αS  aggregation25. This semi-rational 
library was designed using 45–54 preNAC region of αS as the template due to all but one of the known muta-
tions associated with early-onset PD being located within this  region27–31. Subsequently, three further mutations 
have been identified in this  region32–36, and recently published fibril structures have determined this region 
as being central to the formation of the fibril core and is therefore highly likely to be key in the misfolding of 
αS37–39. Herein, we use 4554W as the peptide backbone and modify it through labelling with an environmentally-
sensitive fluorophore. The aim of this is to determine if this is a suitable probe for monitoring the aggregation 
and/or formation of oligomers as a potential method of PD diagnosis.

Previous work by Sedgwick et al.26 identified an excited-state intramolecular proton transfer (ESIPT) fluoro-
phore based on 3-hydroxyflavone (3-HF) that resulted in an environmentally-sensitive response to the binding 
of different oligomers and aggregates of amyloid-β (Aβ). Here, we explore the potential to expand on this work 
to include the aggregation of αS by labelling our previously identified peptide binder (4554W) with a derivative 
of the 3-HF fluorophore.

In order to assess if the position of the fluorophore affects the binding and/or fluorescence response, a series 
of labelled-peptides were designed and synthesised (Fig. 1). In addition to directly labelling the N-terminus 
(NA10), we also synthesised AhxNA10 that employs a 6-carbon linker to remove the fluorophore from the 
peptide backbone to prevent potential negative binding interactions that could arise from the steric bulk of the 
fluorophore. Additionally, we labelled the lysine positions (located at position 1 and 9) of the parent 4554W 
peptide resulting in the labelled-peptides K1 and K9. The lysine positions were chosen for multiple reasons 
including removal of the fluorophore from the peptide backbone, having two opposite points for comparison on 
the original structure, and ease of chemical synthesis. Additionally, we have previously shown that truncation of 
the peptide by removal of the lysine at the 1 position does not result in a loss of efficacy, therefore this residue 
does not appear necessary for binding, hence modification to it may not negatively affect  binding40. Through a 
range of experiments described in the following sections, labelling of the 1 position (K1) proved to be the best-
performing probe across all experiments.

Peptide‑probe performance: aggregation inhibition. Previous work has shown that the 4554W pep-
tide is able to inhibit αS aggregation in a dose-dependent  manner25,41. Therefore, we investigated if the labelled-
peptides are able to maintain the inhibition potential of αS aggregation, and if so, these labelled-peptides could 
have potential to be developed as a diagnostic or theranostic, by both identifying aggregates and simultane-
ously sequestering them from further aggregation. Using the lipid-induced primary nucleation method previ-
ously determined to be inhibited by the parent peptide, 4554W, the effectiveness of the labelled-peptides was 
assessed. Monomeric αS (100 μM), labelled-peptide (100 μM, 1:1), DMPS SUVs (200 μM), and ThT (50 μM) in 
20 mM PB, pH 6.5, were incubated under quiescent conditions (30 °C, 20 h) (for full methods, see Supplemen-
tary Information). DMPS lipid vesicle were chosen since they are a key component of dopaminergic synaptic 
vesicles, display a negatively charged headgroup, promote αS membrane binding, and lead to an increased local 
concentration of αS that accelerates primary  nucleation41. αS aggregation was monitored using ThT which is 
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excited with a wavelength of 440  nm, and emission measured at 480  nm. In contrast, the fluorophore used 
here has a maximum excitation of 365 nm and therefore does not interfere with the measurement of the ThT 
response to αS aggregation (i.e. FRET will not occur between the two fluorophores when monitoring ThT since 
the excitation and emission wavelengths are greater than that of the fluorophore excitation). Shown in Fig. 2, all 
but one (AhxNA10) of the labelled peptides resulted in a lower ThT intensity than the αS control, therefore these 
labelled-peptides enhance the inhibition of 4554W against αS aggregation. Whilst this was not a design feature 
in the development of an αS probe, it is favourable and indicative that peptide labelling does not result in loss of 
ability to interact with αS. Further, by maintaining the ability to inhibit aggregation, there is potential for these 
probes to be developed as theranostics.

Peptide‑probe performance: alternative to ThT to monitor aggregation. Thioflavin T (ThT) is 
the most widely used method to monitor the aggregation of αS and other amyloid proteins in in vitro  assays42. 
It works through an increase in the emission fluorescence intensity (FI) when it is bound to amyloid fibrils that 
are rich in β-sheets, however, this means that it often cannot be used to detect pre-fibrillar species, like those 
assumed to be the ones of most interest within amyloid diseases, such as  PD41,43. Furthermore, the accuracy of 
an FI measurement depends on the homogeneity of the solution. In solutions containing aggregated protein, the 

Figure 1.  Summary of labelled-peptide structures. Original peptide structure (4554W), amino acid sequence 
and numbering, followed by the structure of the labelled peptides (K1, K9, NA10, and AhxNA10), showing the 
different positions of the fluorophore.

Figure 2.  ThT aggregation of the labelled-peptides. Effect the labelled-peptides have on the inhibition of αS, 
using lipid-induced primary nucleation as monitored by ThT fluorescence (50 μM, λex 440 nm, λem 480 nm). 
αS (100 μM), DMPS SUVs (200 μM), labelled peptide (100 μM) and ThT (50 μM) in 20 mM sodium phosphate 
buffer (pH 6.5) were incubated at 30 °C under quiescent conditions for 16 h. The data shows the average of three 
repeats with the error bars representing the standard error.
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solution is not homogeneous: the density of aggregates throughout the sample will vary. One method to over-
come this is to measure fluorescence polarization (FP). FP is a technique that measures the amount of polarized 
light, in contrast to the intensity of the fluorescence as in ThT assays. This helps to overcome some limitations, 
such as amyloid aggregates blocking some of the fluorescence signal resulting in a lower signal than is true. FP is 
based on the principle that the degree of polarization emitted when a fluorescent probe is excited with polarized 
light, is inversely proportional to the rate of molecular  rotation44. Therefore, if a fluorophore is bound to a pro-
tein as it aggregates, then it would be expected that the extent of polarization will increase with time. Therefore, 
the suitability of the labelled-peptide probes to be used as a potential tool in monitoring the aggregation of αS 
was investigated herein.

To determine if the labelled-peptides are capable of monitoring the progression of αS aggregation as an alter-
native to ThT, the labelled-peptides (10 μM) and αS (200 μM) were incubated under harsh aggregation conditions 
(shaking at 700 rpm, 37 °C, 100 h), and the change in polarization with time for each of the labelled-peptides 
was plotted (Fig. 3A) (for full methods, see Supplementary Information). From these results, it was clear that 
K1 and K9 are much better suited for monitoring the aggregation pathway of αS than NA10 and AhxNA10, due 
to both K1 and K9 resulting in significant increase in polarization with time. In order to verify that the results 
from Fig. 3A correspond to the aggregation of αS, the αS aggregation profile monitored by K1 (change in FP 
(∆mP)) was compared to ThT (change in fluorescence intensity (∆FI)) (Fig. 3B). In Fig. 3B, the increase in 
polarization of K1 (orange) precedes that of the fluorescence intensity of ThT (black), indicating that K1 may be 
more sensitive to pre-fibril species than ThT. These results suggest that these probes—in particular K1—could 
be a suitable alternative to ThT as a method to monitor the aggregation pathway of αS. Monitoring the earliest 
stages of aggregation is a particular downfall of ThT as the species formed in this stage are assumed to be of most 
interest with regards to developing diagnostic and therapeutic strategies. Therefore, K1 has potential to evaluate 
the ability of novel therapeutics to modulate early events within the aggregation process.

Peptide‑probe performance: fluorophore response to αS oligomers. Development of a method 
to easily and reliably measure the oligomeric content of an αS sample would have great benefits within the PD 
research field. For example, developing a probe that could specifically detect biologically or disease-relevant αS 
oligomers in the brain or peripheral fluids could be hugely beneficial in the development of an improved early 
method of diagnosis. Furthermore, such a probe could help to evaluate the potential of novel therapeutics in 
their ability to modulate the formation and toxicity of oligomers. Throughout the aggregation pathway, a wide 
variety of structures form that, for example, vary in the extent of β-sheet structure or the exposure of hydro-
phobic  resides45. Therefore, the aim of this section was to determine if the labelled-peptides are sensitive to the 
environmental changes resulting from various αS species, and consequently if the labelled-peptides are capable 
of producing characteristic signals with different types of oligomeric structures.

In order to determine if it is possible to take advantage of the environmentally-sensitive ESIPT fluorescence 
of these labelled-peptides for the detection of αS oligomers, an assay was designed. Monomeric αS (500 μM) was 
“aged” through incubation under aggregating conditions (700 rpm double orbital shaking, 37 °C) for up to 24 h 
(Fig. 4A) (for full methods, see Supplementary Information). This relatively short period of time has previously 
been shown to corresponded to the lag-phase of αS aggregation, therefore various oligomers or other non-ThT-
active pre-fibrillar species are expected to form. To these aged αS samples (50 μM), the labelled-peptides (25 μM) 

Figure 3.  Measuring the suitability of labelled-peptides to monitor αS aggregation through fluorescence 
polarization (FP). (A) FP measurement of the four labelled-peptides (10 μM; K1 (orange), K9 (blue), NA10 
(green), and AhxNA10 (yellow)) incubated with αS (200 μM) under aggregating conditions (37 °C, 700 rpm 
double orbital shaking, 100 h). (B) Comparison between ThT and K1 to monitor αS aggregation. Black line 
represents the change in fluorescence intensity of ThT (150 µM, λex = 450 nm, λem = 482 nm), the orange 
line represents the change in fluorescence polarization (mP) of probe K1. Both samples are incubated with 
αS (200 μM) and K1(10 μM). At this 20 × excess of aS:peptide no inhibitory activity was previously shown for 
 4554W39. Assay conditions: 37 °C, continuous shaking at 700 rpm double orbital shaking, 100 h; polarizing 
filters: ex = 360 nm, em = 530 nm. Data shown represent a single experiment with three technical replicates.
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Figure 4.  “Aged”-αS experiment design and results. (A) Schematic describing αS aging method. Identical vials of 
αS monomer (500 μM) were incubated under aggregating conditions (700 rpm double orbital shaking, 37 °C) for a 
set period of time. It is assumed that during these varying lengths of aggregation that a range of oligomeric species 
will form. Aged αS samples were added to a 96-well microplate along with the labelled-peptides, and the resulting 
fluorescence spectra were obtained on a CLARIOstar plate reader. Figure made in BioRender.com. (B) On a single 
occasion (n = 1), the N peak was observed when K1 (25 μM) was added to a sample of αS (50 μM) aged for the 
specified length of time (0, 1, 2, 4, 6, 8, 12, or 24 h) and the spectra (λex 360 nm, λem 390–650 nm) was recoded at 
0 h, after 2 h incubation, and after 24 h incubation. (C) To the aged αS sample (50 μM), either the fluorophore (25 μM) 
or K1 (25 μM) was added and the resulting spectra (λex = 360 nm, λem 390–650 nm) was recorded. Plotting the 
intensity of the T peak (540 nm) for each of the samples showed that the intensity of the fluorophore alone did not 
vary depending on the age of the αS sample, whereas there was a strong decreasing trend in intensity correlating to αS 
sample age with K1. The results are the average of three repeats, with the error bars representing standard error.
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were added and the resulting spectra were measured (Fig. 4B). Based on typical behaviour of 3-HF fluorophores, 
a number of possible spectral changes were expected, for example we observed in increasing T peak intensity 
with increasing hydration, and an increase in N peak intensity with decreased polarity.

The labelled-peptide that exhibited the largest variety of response to the aged αS samples was K1, where all 
of the samples had varying intensities of the T (λMAX 540 nm) peak. Notably, on one occasion, the 4 h sample 
had a small distinct N (λMAX 420 nm) peak (Fig. 4B). Following a short incubation (2 h, 37 °C), the spectra were 
re-recoded. At this point, a very distinct N peak for K1 was observed (4 h αS). Furthermore, following a longer 
incubation (24 h, 37 °C), the spectra were re-recoded again, and, in this case, the N peak from the K1 sample was 
not observed. These results appear to indicate that the probes are responsive to environmental changes/ differ-
ing αS species, and that the oligomer populations formed continue to be dynamic during incubation. Moreover, 
the results indicated that the N peak may be incredibly sensitive to a particular binding environment. However, 
whilst initially promising, further work to expand on the initial results highlighted that monitoring the N peak 
as a measurement of environmental response with this particular fluorophore may be challenging. Whilst there 
does appear to be a response to different samples, there appeared to be no predicable correlation as to when this 
specific response of increasing intensity of the N peak would occur.

More promisingly however was monitoring the intensity of the T peak, in particular for labelled-peptide K1. 
In Fig. 4C, the maximum intensity of the T peak (535 nm) of the fluorophore alone and for labelled-peptide K1 
when incubated with the aged αS samples (following 2 h equilibration) is compared. Two trends were observed 
from this data—first being that the intensity of K1 T peak decreases markedly with the αS sample age, and 
second, that the fluorophore alone (not conjugated to the peptide) intensity does not vary with αS sample age, 
indicating that conjugation to the peptide is essential. This suggests that the peptide is required for specificity, 
and this may result in an αS-specific probe. Of note, in this set of experiments, in contrast to the spectra shown 
in B, no N peak was observed.

Conclusions
Despite the prevalence of PD, there are currently no disease modifying treatments available, although new 
approaches are beginning to emerge that includes amplifying the amount of misfolded αS to enable detection 
and  diagnsosis46. One significant reason for the lack of suitable treatments, has been such effective early diagnose 
of the disease (i.e. where disease-modifying treatments would be most effective), and the inability to monitor 
disease progression at a biochemical  level47,48. Towards addressing this challenge, herein we designed and evalu-
ated several fluorophore-labelled peptide probes with the aim to ultimately develop this as a method of early 
diagnosis, or as a tool to monitor disease progression, through their ability to identify oligomeric species of αS.

Labelling the 4554W peptide at position K1 with an environmentally-sensitive fluorophore was found to 
result in the most effective probe across all experiments. This probe was found to be an enhanced inhibitor 
of αS aggregation compared to the parent peptide (4554W), and was more sensitive to pre-fibrillar species in 
the αS aggregation pathway than the widely used fluorescent probe ThT. Moreover, the peptide was found to 
produce a differential response in the presence of various αS oligomer samples, indicating that it may be useful 
as an αS-oligomer probe, with further work required to increase sensitivity of detection. Overall, this work has 
determined that that fluorophore-labelled 4554W (K1) has significant potential for further development and 
optimisation as an αS oligomer sensitive probe for a number of applications within PD research.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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