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A B S T R A C T   

Double PHD fingers 3 (DPF3) is a zinc finger protein, found in the BAF chromatin remodelling complex, and is 
involved in the regulation of gene expression. Two DPF3 isoforms have been identified, respectively named 
DPF3b and DPF3a. Very limited structural information is available for these isoforms, and their specific func-
tionality still remains poorly studied. In a previous work, we have demonstrated the first evidence of DPF3a 
being a disordered protein sensitive to amyloid fibrillation. Intrinsically disordered proteins (IDPs) lack a defined 
tertiary structure, existing as a dynamic conformational ensemble, allowing them to act as hubs in protein- 
protein interaction networks. In the present study, we have more thoroughly characterised DPF3a in vitro 
behaviour, as well as unravelled and compared the structural properties of the DPF3b isoform, using an array of 
predictors and biophysical techniques. Predictions, spectroscopy, and dynamic light scattering have revealed a 
high content in disorder: prevalence of random coil, aromatic residues partially to fully exposed to the solvent, 
and large hydrodynamic diameters. DPF3a appears to be more disordered than DPF3b, and exhibits more 
expanded conformations. Furthermore, we have shown that they both time-dependently aggregate into amyloid 
fibrils, as revealed by typical circular dichroism, deep-blue autofluorescence, and amyloid-dye binding assay 
fingerprints. Although spectroscopic and microscopic analyses have unveiled that they share a similar aggre-
gation pathway, DPF3a fibrillates at a faster rate, likely through reordering of its C-terminal domain.   

1. Introduction 

Regulation of gene expression in eukaryotic organisms is made 
possible by the modification of chromatin structure. Indeed, the (de) 
condensed state of chromatin permits the accessibility of transcription 

factors and transcriptional machinery to selected promoters [1]. The 
balance between condensation/decondensation of chromatin is ach-
ieved not only by epigenetic modifications of histones, but also by dis-
ruptors of DNA-histone interactions, such as chromatin remodelling 
complexes [2]. In that respect, the double plant homeodomain (PHD) 
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fingers 3 (DPF3) protein, also named BAF45c or CERD4, is an epigenetic 
factor strongly expressed in all types of post mitotic neurons and found 
in the multiprotein BRM/BRG1-associated factors (BAF) chromatin 
remodelling complex [3–5]. DPF3 exists in two isoforms, sharing 83% of 
amino acid sequence identity. The canonical isoform is referred to as 
DPF3b, and the second one as DPF3a [6]. They differentiate themselves 
by their sequence length and composition at the C-terminal region 
(Fig. 1A). The two isoforms have common domain structure, which, 
starting from the N-terminus, includes: i) the 2/3 domain, ii) a Krüppel- 
like zinc finger (ZnF), known as the C2H2 domain, and iii) a partial PHD 
ZnF (PHD-1) up to residue 292. While DPF3b is characterised by a 
complete PHD tandem (PHD-1 and -2), DPF3a PHD-1 finger is truncated 
into a shorter one (PHD-1/2), which is followed by the C-terminal 
domain. Unlike DPF3a, DPF3b is able to recognise, through its double 
PHD ZnFs, acetylated or methylated lysine residues on histone tails, 
allowing the recruitment of BAF complex, and subsequently the tran-
scriptional machinery complex for gene expression [6,7]. Besides DPF3b 
PHD tandem, the function of the other domains remains largely 
unknown. 

Little is known about the respective roles of DPF3b and DPF3 in the 
cell. Only few distinct functions have already been reported. As 
mentioned above, DPF3b acts as a histone reader, but DPF3a is unable to 
bind modified histones due to its uncomplete PHD tandem. Nonetheless, 
DPF3a is involved in myogenic differentiation by interacting with the 
hepatoma-derived growth factor-related protein 2 (HRP2). Formation of 
DPF3a-HRP2 complex facilitates the association of HRP2 with BAF, 
leading to the transcription of myogenic gene [8]. Cardiac gene 

transcription has also found to be regulated by DPF3a [9], especially 
through phosphorylation of its C-terminal domain, allowing interaction 
with the transcriptional repressors HEY (HES-related repressor protein). 
BAF is thereafter recruited by the DPF3a-HEY complex, triggering the 
transcription of fetal genes, which promote cardiac hypertrophy [10]. 

From a pathological point of view, DPF3a is indeed associated with 
human heart hypertrophies, such as the Tetralogy of Fallot (TOF), a 
congenital heart defect. In patients with TOF, DPF3a is found remark-
ably upregulated in the right ventricular myocardium [11,12]. 
Furthermore, DPF3a acts in maintaining the stemness of glioma initi-
ating cells, which participate in glioblastoma propagation and drug 
resistance [13]. It has been recently reported that the two DPF3 isoforms 
act as oncogenic agents, contributing to breast cancer motility, as well as 
higher risks at developing renal carcinoma cancer [14–16]. In addition, 
clinical studies have found that single nucleotide polymorphism (SNP) 
in DPF3 is highly correlated with low sperm count associated with 
motility defects and male infertility [17–19]. 

Very limited structural information is available on DPF3 isoforms, 
being limited to X-ray and NMR-resolved structures of DPF3b double 
PHD finger complexed with modified histone peptides [6,7,20]. In 
agreement with predictions suggesting that most BAF complex subunits, 
including DPF3, are intrinsically disordered proteins (IDPs) [21], we 
have unveiled that DPF3a is highly disordered, and, indeed, exhibits 
typical spectroscopic footprints of an extended IDP [22]. IDPs are 
characterised by a dynamic ensemble of conformations, rather than a 
fixed tertiary structure, enabling them to interact with numerous part-
ners [23]. Thanks to its ability to form diverse fuzzy complexes, a single 

Fig. 1. Predicted disorder-associated properties of DPF3 isoforms. (A) Sequence and domains organisation of DPF3b and DPF3a. PONDR and IUPred disorder profile 
of (B) DPF3b and (C) DPF3a; MDP corresponds to the mean disorder profile. Every residue displaying a score above the 0.5 threshold is considered disordered. (D) 
CDF, (E) CH plots, and (F) Das-Pappu phase diagram of DPF3b and DPF3a. 

J. Mignon et al.                                                                                                                                                                                                                                 



International Journal of Biological Macromolecules 218 (2022) 57–71

59

IDP can be engaged in multiple cell functions, but is therefore more 
sensitive to misregulation, which might lead to severe diseases, such as 
cancer, cardiovascular and neurodegenerative disorders [24,25]. In this 
context, we recently demonstrated that DPF3a isoform is prone to 
aggregate into high-order oligomers and fibrous amyloid-like structures, 
suggesting that it may be involved in diseases called systemic 
amyloidosis [22]. 

Understanding the functional specificities and interaction networks 
of DPF3 isoforms requires the elucidation of their respective structural 
properties. Furthermore, their identification as new prone-to- 
aggregation IDPs can make them new interesting targets in anti- 
amyloid and anti-aggregation drug design. In this study, we report an 
in-depth comparative investigation of DPF3b and DPF3a intrinsically 
disordered nature and fibrillation pathways in vitro, by a combination of 
prediction methods, absorption and emission spectroscopy, light scat-
tering technique, and electron microscopy. 

2. Materials and methods 

2.1. Overexpression and purification of DPF3 isoforms 

DPF3 recombinant proteins were expressed with a GST tag at their N- 
terminus using a pET like vector in E. coli BL21 Rosetta (DE3) cells. 
Transformed bacterial strains were precultured in 20 g/L lysogeny 
Lennox broth (LB) with 0.36 mM ampicillin at 37 ◦C for 16 h. From 5.0 
mL of preculture, strains were cultured in 20 g/L LB with 0.14 mM 
ampicillin at 37 ◦C until the optical density at 600 nm reached 0.5–0.8. 
Cultures were then induced with 0.5 mM isopropyl β-D-1-thio-
galactopyranoside (IPTG) at 37 ◦C for 4 h, and centrifuged. Once the 
supernatants discarded, pellets were stored at − 20 ◦C. For the lysis step, 
pellets were suspended in the lysis buffer (phosphate buffered saline 
(PBS) pH 7.3, 0.5% Triton X-100, 200 mM KCl, 200 μM phenyl-
methylsulfonyl fluoride), and sonicated in an ice-water bath. Superna-
tants were collected after centrifugation, and purified on an Äkta 
Purifier fast protein liquid chromatography. With the binding buffer 
(PBS pH 7.3, 200 mM KCl), DPF3-GST fusion proteins were bound on a 5 
mL GSTrap FF pre-packed column (GE Healthcare). DPF3 proteins were 
cleaved on column at 30 ◦C for 2 h with 20 μL of TEV protease solution 
(Sigma) in Tris buffered saline (TBS) buffer (50 mM Tris-HCl pH 8.0, 
150 mM NaCl). Cleaved proteins were gathered in TBS, and their purity 
was examined by sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE). The presence of each DPF3 isoform was further 
confirmed by mass spectrometry analysis. 

2.2. Protein concentration determination 

Both DPF3 isoforms were concentrated in TBS through a 6–8 kDa cut- 
off dialysis membrane wrapped in PEG-20000, used as the water- 
absorbent. Final concentration was determined by measuring the 
absorbance at 214 nm with a UV-63000PC spectrophotometer (VWR), 
using a 10 mm pathlength quartz QS cell (Hellma). Knowing the molar 
extinction coefficient of each isoform at 214 nm (εDPF3b = 763,132 M− 1. 
cm− 1, εDPF3a = 622,915 M− 1.cm− 1), calculated from B. Kuipers and H. 
Gruppen's data [26], DPF3b and DPF3a working concentration 
amounted to ~0.2 mg/mL (~5 μM) in each experiment. 

2.3. Structural properties prediction 

All properties were predicted from the known sequence of full-length 
DPF3b (Uniprot ID: Q92784-1), and DPF3a (Uniprot ID: Q92784-2). The 
average percentage of per-residue predicted intrinsic disorder (PPID) 
was calculated on the basis of 19 online available disorder predictors: 
VL-XT [27], XL1-XT [28], CaN-XT [29], VL3 [28], and VSL2 [28] al-
gorithms from Predictors of Natural Disordered Regions (PONDR); 
ESpritz NMR, X-ray, and Disprot-trained datasets [30]; Protein DisOrder 
prediction System (PrDOS) [31]; Prediction of Intrinsically Unstructured 

Proteins for long and short disordered regions (IUPred3) [32]; meta-
predict [33]; NORSnet, Ucon, and MetaDisorder MD algorithms from the 
PredictProtein server [34]; AUCpreD from RaptorX; NetSurfP [35]; 
Prediction of Order and Disorder by evaluation of NMR data with and 
without evolution (ODiNPred) [36]. Disorder plots along query se-
quences were generated with the PONDR and IUPred3 servers. Protein 
disorder relies on the nature of its constituting amino acids, which can 
be placed on a scale ranging from 0 (fully ordering residues) to 1 (fully 
disordering residues). Residues with a PPID above the threshold value of 
0.5 participate in disorder. 

Disorder propensity was also investigated by the cumulative distri-
bution function (CDF) and charge-hydropathy (CH) plots, generated 
with the PONDR server [37]. Predicted conformational ensembles were 
examined on a Das-Pappu phase diagram, and its associated parameters, 
by using the Classification of Intrinsically Disordered Ensemble Regions 
(CIDER) [38]. Occurrence and localisation of low complexity domains 
(LCDs) and molecular recognition features (MoRFs) in DPF3 sequences 
were determined with the Simple modular architecture research tool 
(SMART) [39] and the PLAtform of Tools for Low Complexity (PlaTo-
LoCo) [40] for LCDs, and with the MoRFchibi tool [41] for MoRFs. 

Buried state of tryptophan and tyrosine residues was predicted for 
each isoform from their primary structure using the prediction of protein 
relative solvent accessibility web server (PaleAle 5.0) [42]. Residues are 
classified into four solvent accessibility classes: very buried (under 4% 
exposed), somewhat buried (between 4 and 25% exposed), somewhat 
exposed (between 25 and 50% exposed), and very exposed (over 50% 
exposed). 

Aggregation and, more specifically, fibrillation hotspots were iden-
tified in each isoform by using CamSol [43] and AMYLPRED2 [44] web 
servers, respectively. CamSol provides an intrinsic solubility profile, 
where regions displaying scores above 1 are considered highly soluble, 
whereas those with scores below − 1 are poorly soluble and aggregation- 
promoting. AMYLPRED2 allows the identification of amyloid-promoting 
regions in the query sequence on the basis of 11 independent fibrillation 
predictors. Hits are defined as a consensus of 5 out of 11 methods. 

2.4. Far-UV circular dichroism spectroscopy (far-UV CD) 

Far-UV CD spectra (190–260 nm) were recorded with a MOS-500 
spectropolarimeter at 20 ◦C in TBS, using a 1 mm pathlength quartz 
Suprasil cell (Hellma). Four scans (15 nm/min, 2 nm bandwidth, 0.5 nm 
data pitch, and 2 s digital integration time) were averaged, baselines 
were subtracted, and corrected spectra were smoothed. Data are pre-
sented as the mean residue ellipticity ([Θ]MRE), calculated as follows: 
[Θ]MRE = (M.θ)/(n-1).(10γ.l), where M is the molecular mass (Da), θ the 
ellipticity (deg), n the sequence length, γ the protein concentration (mg/ 
mL), and l is the cell pathlength (cm). Sample concentration for each 
isoform was ~0.2 mg/mL. In order to estimate the secondary structure 
content from each spectrum, the Beta Structure Selection online tool 
(BeStSel) [45] was used in the 200–250 nm range. 

2.5. Fluorescence spectroscopy 

Fluorescence procedures included intrinsic tryptophan fluorescence 
(ITF), intrinsic tyrosine fluorescence (ITyrF), deep-blue auto-
fluorescence (dbAF), and Thioflavin T (ThT) binding assay. Every 
emission spectrum was recorded from the excitation wavelength up to 
600 nm by 1.0 nm increment with an Agilent Cary Eclipse fluorescence 
spectrophotometer at ~20 ◦C in TBS, using a 10 mm pathlength quartz 
QS cell (Hellma), and an emission and excitation slit width (sw) of 10 
nm. The following excitation wavelengths (λex) were used: 295 nm for 
ITF, 275 nm for ITyrF, 400 nm for dbAF, and 440 nm for ThT. Regarding 
the extrinsic ThT fluorescence, 75 μL of protein sample were mixed with 
75 μL of 20 μM ThT in TBS (final ThT concentration of 10 μM), be-
forehand filtered on polyether sulfone (PES) 0.2 μm. In addition, dbAF 
signatures were further investigated by scanning excitation 
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contributions from 200 nm to the emission wavelength (λem = 456 nm), 
using the same previously described acquisition parameters. 

2.6. Dynamic light scattering (DLS) 

DLS measurements were carried out at 20 ◦C with a Horiba Zetasizer 
SZ-100 nanoparticles analyser with the detector at 90◦. The auto- 
correlation function was successfully fitted 20 times per analysis, and 
the results were expressed as the mean hydrodynamical diameter Dh 
(nm). Each protein sample was passed through a 0.2 μm PES filter before 
analysis. 

2.7. Congo red (CR) binding assay 

CR Absorption spectra were recorded in the range of 400–600 nm by 
1.0 nm increment with a UV-63000PC spectrophotometer (VWR) at 
~20 ◦C in TBS, using a 10 mm pathlength quartz QS cell (Hellma). 
Samples were prepared by mixing 75 μL of protein material with 75 μL of 
20 μM CR in TBS (final CR concentration of 10 μM). 

2.8. Transmission electron microscopy (TEM) 

Protein aggregates were visualised by negative staining (NS) with a 
PHILIPS/FEI Tecnai 10 electron microscope operating at 100 kV. 
Formvar/carbon-coated copper grids were beforehand hydrophilised by 
glow discharge. A 5 μL droplet of a protein sample incubated for 7 days 
(168 h) at ~20 ◦C was left for 3 min onto the grid, and the excess was 
soaked with a blotting paper. The grid was put on a 5 μL droplet of 0.5% 
(w/v) uranyl acetate for 1 min, washed with Milli-Q water, and air-dried 
for 5 min before analysis. 

3. Results and discussion 

3.1. Prediction of disorder-associated properties of human DPF3 isoforms 

In order to determine the numerous roles assigned to DPF3 isoforms 
in the cell, acquiring information about their specific structural features 
might help to apprehend and discriminate their IDP-related multi-
functionality. To this end, several structural predictors have been 
applied. Sequence composition differences between DPF3b and DPF3a 
are reflected in their disorder-associated properties (Fig. 1). Regarding 
the predicted per-residue percentage of intrinsic disorder (PPID), the 
resulting average of 19 disorder algorithms gives a PPID of 44% and 
63% for DPF3b and DPF3a, respectively. Such scores indicate that both 
isoforms are highly disordered proteins, with a much higher disorder 
content being found in DPF3a, which is expected from the truncation of 
its PHD finger. Along the sequence, several features are common to the 
two isoforms, including characteristic intrinsically disordered regions 
(IDRs) found in both of them (Figs. 1B and C). From the N-terminus, the 

disorder profile includes the 2/3 domain (and beyond), which is 
considered mostly ordered (residues 1 to 90), although disorder scores 
varying between 0.2 and 0.5 indicate some chain flexibility, especially 
from residues 60 to 90. This is followed by a 110-residue-long IDR (IDR- 
1) up to the C2H2 zinc finger (ZnF), where the disorder score drops below 
the 0.5 threshold (residues 199 to 220), though retaining some flexi-
bility. Unsurprisingly, such decrease in disorder propensity is due to the 
C2H2 ZnF of the DPF family, a domain structured by coordination of 
Zn2+ [46]. A second shorter 40-residue-long IDR (IDR-2) is found be-
tween the C2H2 and PHD1 ZnFs (residues 221–260), followed by a gain 
in order at the level of the PHD1 finger (residues 261–292). Towards the 
C-terminus, where isoforms sequence composition differs, DPF3b re-
mains fully ordered due to the PHD2 ZnF (residues 293–378, Fig. 1B), 
whilst DPF3a shows a third 60-residue-long IDR (IDR-3) with high dis-
order scores (residues 293–357, Fig. 2). The presence of this IDR-3 is 
consistent with the overall higher PPID score of DPF3a. Albeit DPF3b 
appears more ordered, it still meets the criteria for classification as an 
IDP, as it is > 30% disordered, and possesses at least one IDR longer than 
30 residues [47]. 

The same DPF3b-DPF3a discrepancy can also be noticed by exam-
ining other disorder-related features. IDPs are known to be enriched in 
disorder-promoting residues (DPRs), compared to globular proteins, for 
which the proportion in DPRs and order-promoting residues (OPRs) is 
more balanced. The DPR group includes short non-polar (glycine and 
alanine), charged (arginine, lysine and glutamate), and polar (glutamine 
and serine) amino acids, as well as proline thanks to its secondary 
structure breaking properties [48]. According to its higher PPID, DPF3a 
is richer in DPRs (59%) than DPF3b (54%), and both isoforms are 
impoverished in OPRs (32 and 26% for DPF3b and DPF3a, respectively), 
as it is expected for an IDP. 

In order to further investigate to which extent each DPF3 isoform is 
disordered, the cumulative distribution function (CDF), as well as at the 
charge-hydropathy plot (CH) have been generated. Considering the CDF 
plot, if the curve is located below the boundary, the protein is expected 
to be mainly disordered, which is the case for both DPF3 isoforms [49]. 
DPF3a curve being under the one of DPF3b suggests that DPF3a has a 
higher overall disorder propensity, which is in agreement with the 
corresponding PPID scores (Fig. 1D). The CH plot is split into two areas 
delimited by a boundary line of equation <R> = 2.785<H>− 1.151, 
where <R> is the absolute mean net charge, and <H> is the mean 
scaled hydropathy of a query protein [50]; with <H> parameter being 
calculated according to the hydropathy scale defined by J. Kyte and R. F. 
Doolittle [51]. Proteins located below the boundary line in the CH plot 
are considered ordered or compact (ORDP area), whereas those located 
above the boundary are expected to be mostly disordered (IDP area). 
DPF3b and DPF3a isoforms are located in the IDP area, which, once 
again, argues towards their disordered behaviour (Fig. 1E). 

Although DPF3 isoforms are displaying a low mean net charge, this is 
insufficient for favourable folding into compact globular conformers, as 

Fig. 2. Distribution and location of predicted IDRs (red), LCDs (blue), and MoRFs (yellow) along DPF3b and DPF3a sequence. Each region is numbered in order of 
appearance from the N-terminus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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it follows from their conformational preferences. Extraction of κ and Ω 
patterning parameters from CIDER analysis allows a better depiction of 
DPF3 conformational state. The κ value reflects to which extent charged 
residues are distributed within a given sequence, with the κ value going 
from 0 to 1 as positively and negatively charged residues become 
segregated. High κ proteins tend to collapse due to the electrostatic 
attraction, while low κ ones assume more expanded conformations [52]. 
DPF3b and DPF3a have relatively similar κ values of 0.26 and 0.27, 
respectively, suggesting that expanded conformers might be favoured. 
Furthermore, the Ω parameter reports on the patterning of proline (Pro) 
and charged residues with respect to all other amino acids on a scale 
from 0 to 1. As Pro and charged residues are expansion-promoting, a 
uniformly mixed sequence yields low Ω value, resulting in extended 
protein conformers [53]. Low DPF3b and DPF3a Ω values of 0.17 and 
0.15, respectively, are also indicative of more favourable expanded 
conformations. 

Furthermore, the conformational ensemble preferentially adopted by 
DPF3 isoforms can be refined by generating a Das-Pappu phase diagram, 
which is based on the distribution of the fraction of positively against 
negatively charged residues [52]. The output shows that both isoforms 
belong to the R2 category, which is a transient region between weak 
(R1) and strong (R3) polyampholytes (Fig. 1F). Most IDPs (~40%) are 
found within the R2 region, comprising context-dependent coiled 
structures, called Janus sequences, either collapsed (similar to a molten 
globule state) by hydrophobic effect or expanded (similar to a random 
coil state) by a favourable chain solvation. R2 region is also populated 
by IDPs that fold upon binding. DPF3a slightly differs from DPF3b by 
tending towards the R3 region (~30% of IDPs), grouping stronger pol-
yampholytes, presenting either coiled or hairpin conformations [54]. 

Due to their floppy structures with high solvent accessibility, low 
complexity domains (LCDs) are commonly found within IDPs. They are 
characterised by a reduced amino acid alphabet, generally occur in 
IDRs, are thought to be involved in IDP functionality, and are often 
related to increased aggregation propensity [55,56]. In order to pinpoint 
LCDs in DPF3 isoforms, SMART and PlaToLoCo servers were used 
(Fig. 2). The two predictors identify two LCDs in IDR-1: the first LCD is 
rich in glutamate (residues 145–164, LCD-1), and the second LCD is rich 
in arginine and glycine (residues 171–189, LCD-2). DPF3a is charac-
terised by two additional LCDs overlapping its IDR-3: the third LCD is 
rich in alanine (residues 295–311, LCD-3), and the fourth one is 
enriched in arginine and glycine (residues 337–348, LCD-4). Interest-
ingly, all LCD-comprised residues belong to the DPR class. Existence of 
the LCD-3 and LCD-4 is likely related to DPF3a distinctive functions, and 
may be involved in its proneness to fibrillate. Nevertheless, LCD-1 and 
LCD-2 might also be aggregation-promoting regions. 

Molecular recognition features (MoRFs) represent short disordered 
segments that can fold upon binding to specific interaction partners. 
They are needed to mediate protein-protein interactions (PPIs) in tran-
sient complexes involving IDPs [57]. MoRFs were predicted with the 
MoRFchibi online tool (Fig. 2). The first MoRF (residues 69–82, MoRF-1) 
is located at the end of the 2/3 domain, considered partially disordered 
or at least flexible. As for LCDs, two other MoRFs are found in IDR-3 of 
DPF3a. The second MoRF stands between LCD-3 and LCD-4 (residues 
321–339, MoRF-2), and the third MoRF overlaps with LCD-4 (residues 
343–356, MoRF-3). These additional MoRFs may be specific to the 
DPF3a interactions network, comprising partners that cannot bind 
DPF3b. 

Taken together, all these predictive data clearly indicate that DPF3 
isoforms belong to the class of IDPs, and show that DPF3a is expected to 
be more disordered than DPF3b. The localisation and specificity of LCD- 
3 and LCD-4, as well as the presence of the MoRF-2 and MoRF-3 in 
DPF3a isoform further support the disorder character of its C-terminal 
domain, as well as the predominant role of this domain in DPF3a 
separate functionality. 

3.2. Structural evidence of DPF3 isoforms disorder 

In our previous study, DPF3a disorder has been partially charac-
terised by far-UV circular dichroism (CD) and tryptophan fluorescence 
spectroscopy, revealing several IDP-specific fingerprints [22]. Here, 
structural properties and in vitro behaviour of DPF3a have been more 
thoroughly investigated and compared to the DPF3b isoform using light 
scattering, CD, emission, and absorption spectroscopy. Dynamic light 
scattering (DLS) measurements indicate that the DPF3 isoforms exhibit 
similar sizes, with a Dh of 24 ± 7 nm for DPF3b (Fig. S1A), and of 20 ± 4 
nm for DPF3a (Fig. S1B). Although the hydrodynamic dimensions of the 
two isoforms seem huge for a protein of their sequence length (378 and 
357 residues for DPF3b and DPF3a, respectively), they fall in the range 
expected for an unfolded protein, as anticipated for an IDP (from ~5 to 
~22 nm) [58]. Due to their more extended conformational ensembles, 
IDPs have noticeably higher Dh than globular proteins of similar mo-
lecular mass (from ~3 to ~10 nm). Furthermore, the hydrodynamic 
diameter of IDPs has been correlated with their sequence length, 
revealing that disordered proteins in the range of DPF3 isoforms (300 to 
400 residues long) can have a diameter ranging from 16 to 20 nm [59]. 
This is consistent with the measured Dh values, implying that the two 
DPF3 isoforms adopt relatively expanded conformations. 

DPF3b CD spectrum shows a profile typical of a hybrid IDP (Fig. 3). 
Indeed, a predominant strong negative band towards 206 nm is indic-
ative of disorder, while the positive band at 198 nm arises from ordered 
secondary structures. Indeed, a fully disordered protein is expected to 
have no positive signal in the 190–200 nm range. A broad negative 
shoulder from 220 to 225 nm is likely related to either α-helix, for which 
the second band at 208 nm is overlapped by the signal at 206 nm, or 
antiparallel β-sheets. DPF3a CD spectrum reveals similar features: a 
distinctive negative band at 206 nm, a positive one at 200 nm, and a 
broad shoulder centred at ~225 nm (Fig. 3). These results indicate that 
DPF3 isoforms have close CD footprints classifying them as highly 
disordered proteins. 

Estimation of their secondary structure content with the BeStSel tool 
is in good agreement with the profile of CD spectra. At 0 h, outputs 
report very low percentages of α-helix and some β-sheets (Table 1). 
Disorder (addition of coil and turn) prevails in the two isoforms, and, 
consistent with predictions, DPF3a is more disordered than DPF3b. 
Furthermore, BeStSel identifies β-sheets as exclusively antiparallel in 
both cases. Coexistence of antiparallel β-sheets with small fractions of 
α-helix may explain the broad shoulder obtained between 220 and 225 
nm. Higher β-sheet content can be due to the several ZnFs (C2H2 and 
PHD) present in the two isoforms. 

Study of the intrinsic fluorescence properties of tryptophan (Trp) and 
tyrosine (Tyr) residues also allows to learn local conformational 

Fig. 3. Far-UV CD spectra of full-length DPF3b (solide line) and DPF3a (dotted 
line) in TBS at ~20 ◦C. 
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information about each DPF3 isoform (Fig. 4). Tryptophanyl side chains 
display solvatochromism after excitation at 295 nm, resulting in char-
acteristic emission wavelength (λem) shifts, ranging from 308 to 355 nm. 
Trp residues found in a highly non-polar or polar environment emit at 
shorter or longer λem, respectively [60,61]. DPF3b contains 5 Trp resi-
dues, and its intrinsic tryptophan fluorescence (ITF) spectrum shows an 
emission band at 335 nm, depicting partially exposed Trp residues to the 
solvent and/or polar amino acids (Fig. 4A). Such λem value is commonly 
found amongst collapsed IDPs, for which Trp residues are neither 
completely buried, nor fully exposed to the solvent. On the contrary, 
DPF3a only contains 2 Trp residues. The observed λem is red-shifted 
towards 340 nm and comes with a band broadening at higher wave-
lengths (Fig. 4A). This is highlighted by the difference spectrum between 
the two isoforms, where a contribution between 340 and 400 nm is 
noticeable. In that respect, DPF3a Trp residues appear more exposed to a 
polar environment, though neither fully exposed, which is not surprising 
regarding the localisation of these amino acids. Indeed, the two first Trp 
(Trp56 and Trp79), common to both isoforms, are found close to the end 
of the 2/3 domain; a region predicted with some chain flexibility ac-
cording to its disorder scores varying from 0.2 to 0.5. No Trp residue is 
found in predicted IDRs, which may explain why DPF3a emits closer to 
340 than 355 nm. Considering DPF3b, the 3 additional Trp (Trp311, 
Trp358 and Trp364) are located in the double PHD ZnF, a well-folded 
domain, which is consistent with the observed blue-shift towards 335 
nm. 

Complementarily with ITF, intrinsic tyrosine fluorescence (ITyrF) is 
an efficient, though underused, tool to probe protein (un)folding and 
conformational changes, especially for IDPs. Albeit far less sensitive to 
polarity than tryptophanyl, tyrosyl moieties can exhibit, after excitation 
at 275 nm, a slight red-shift of their λem (from 303 to 305 nm), and an 
extinction of their quantum yield when displaced from a non-polar 
environment to a polar one [62]. In the case of folded proteins, 

containing both Trp and Tyr residues, ITyrF signature is often unde-
tected due to energy transfer and spectral overlap between tryptophanyl 
and tyrosyl side chains. Nonetheless, Trp-Tyr fluorescence resonance 
energy transfer (FRET), without introducing exogenous fluorophores, 
has recently proven to be highly reliable to describe unfolded and 
disordered systems [63]. Examination of DPF3b ITyrF spectrum reveals 
a dominant band at 336 nm, and a subtle shoulder at ~305 nm (Fig. 4B). 
While the latter relates to a small fraction of exposed Tyr residues, the 
emission at 336 nm can arise from tyrosinate formation. However, it has 
been reported that in commonly used biochemical buffers within the 
range of physiological pH, such as the TBS, tyrosinate fluorescence does 
not occur. Indeed, tyrosine deprotonation requires high acetate con-
centration or very alkaline medium (pH > 10) [64]. Realistically, this 
emission would rather come from Trp-Tyr FRET either due to amino 
acids promiscuity or spatial proximity through folding, meaning that 
most DPF3b Tyr residues are in the vicinity of Trp. Nonetheless, the 
coexisting weak fluorescence at 305 nm is indicative of disorder. 

With respect to DPF3a ITyrF spectrum, the band at ~305 nm be-
comes much more intense, as evidenced by the difference spectrum with 
a remarkable contribution at 300–305 nm (Fig. 4B). DPF3a has therefore 
a larger fraction of exposed Tyr residues compared to DPF3b. The second 
emission band remains at 336 nm with a significant broadening to 
higher wavelengths between 340 and 400 nm. As it has been stated that 
Trp residues mainly participate in the emission at 336 nm, the observed 
broadening is consistent with the DPF3a ITF spectrum. Similar to 
DPF3b, some DPF3a Tyr residues are close enough to Trp ones to allow 
FRET, and Tyr emission being visible relates to a highly disordered 
character. 

Furthermore, ITF and ITyrF results are supported by the predicted 
solvent accessibility of Trp and Tyr residues (Table 2, Fig. 5). The output 
from the PaleAle server (see Section 2.3) describes that the two Trp 
residues of DPF3a are either fully exposed or partially buried. Therefore, 

Table 1 
Secondary structure content and fit-associated RMSD values of DPF3b and DPF3a in TBS at ~20 ◦C at 0 h, 24 h, 48 h, 72 h (for DPF3a) and 96 h (for DPF3b) incubation. 
Each estimated secondary structure percentage is extracted from BeStSel fit spectrum deconvolution.    

Secondary structure content (%) 

Protein (incubation time) RMSD α-helix β-sheet (antiparallel) β-sheet (parallel) Turn Coil 

DPF3b (0 h) 0.03 7 24 0 16 53 
DPF3b (24 h) 0.03 2 29 0 16 53 
DPF3b (48 h) 0.02 2 32 0 16 50 
DPF3b (96 h) 0.03 2 36 0 16 46 
DPF3a (0 h) 0.03 3 25 0 18 54 
DPF3a (24 h) 0.02 6 31 0 16 47 
DPF3a (48 h) 0.02 3 35 0 15 47 
DPF3a (72 h) 0.03 0 39 0 16 45  

Fig. 4. Intrinsic fluorescence of full-length DPF3b and DPF3a in TBS at ~20 ◦C. (A) Normalised ITF spectra (λex = 295 nm, sw = 10 nm) of DPF3b (solide line) and 
DPF3a (dashed line), and the associated difference spectrum (diamonds). (B) Normalised ITyrF (λex = 275 nm, sw = 10 nm) of DPF3b (solide line) and DPF3a (dashed 
line), and the associated difference spectrum (diamonds). 
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the sum of their contributions leads to a relative exposed state, while the 
consequent solvent accessibility of Trp56 is responsible for the band 
broadening observed at higher wavelengths. Regarding DPF3b, its three 
additional Trp residues are all predicted partially buried, which signif-
icantly increases the proportion of less accessible Trp residues, thus 
causing the λem to be blue-shifted. 

As for Trp residues, the per-Tyr solvent accessibility is also very 
informative with respect to ITyrF spectra. Essentially, DPF3b has ~77% 
and ~23% of buried and exposed Tyr residues, respectively. In the same 
way, DPF3a has a 50–50% ratio, suggesting why the contribution at 305 
nm is more significant in DPF3a ITyrF spectrum. In more detail, Tyr17 

and Tyr27 are considered buried, and thus should be involved in the 2/3 
domain folding. Trp-Tyr FRET would take place for Tyr54, Tyr74, and 
Tyr79 regarding their proximity to Trp56 and Trp79. Although both iso-
forms share the 10 first Tyr residues in common, some discrepancy is 
observed (Fig. 5). Indeed, while most Tyr residues in the C2H2 domain 
are considered buried for DPF3b, those residues are predicted exposed 
for DPF3a. In the case of DPF3b, this could be indicative of local folding, 
whereas it still advocates for the higher emission intensity at 305 nm 
observed for DPF3a. Similarly, Trp-Tyr FRET conceivably occurs in the 
PHD tandem of DPF3b, arguing towards the reduction of Tyr fluores-
cence in DPF3b ITyrF spectrum. Also, as observed for Trp, no Tyr residue 
is located in IDRs. ITF and ITyrF results suggest that DPF3a has a more 
expanded conformational ensemble (random coil), while DPF3b has a 
more collapsed one (molten globule), especially towards the C-terminus. 
The same tendency is pinpointed by the Das-Pappu phase diagram 
(Fig. 1F). 

UV absorption properties have recently been used to conformation-
ally probe protein (un)folding. It relies on a foldedness index (FI), 
calculated by summing two absorbance ratios at 280, 275, and 258 nm: 
FI = (A280/A275) + (A280/A258). Most natively folded proteins have a FI 
> 2.5. The FI decreases upon denaturation through λabs shift from 280 to 
258 nm, thus diminishing the contribution at 280 nm. As an example, 

the FI value of pepsin decreases from 2.6 to 1.9 upon unfolding [65]. 
Both DPF3 isoforms display peculiar absorption properties, exhibiting a 
maximum absorption at ~258–260 nm (Fig. S2). This results in a low FI 
of ~1.7 and ~1.4 for DPF3b and DPF3a, respectively, meaning that they 
are highly disordered, as it is expected for IDPs. The lower FI of DPF3a 
suggests a higher content in disorder, which is consistent with previous 
observations. 

3.3. Spontaneous aggregation propensity 

We have recently established that DPF3a is prone to aggregation and 
is able to form amyloid-like fibrils [22]. In this study, understanding its 
fibrillation pathway has been further deepened and rationalised by 
combination of spectroscopic techniques, as well as compared to DPF3b 
aggregation propensity. DPF3 isoforms have been kept in the same 
buffer (TBS), temperature (~20 ◦C) and concentration (~5 μM) condi-
tions over the course of 3–4 days in order to assess their ability to 
spontaneously aggregate in vitro. Far-UV CD spectroscopy was first used 
to follow over time changes in secondary structure content (Fig. 6). After 
24 h, structural modifications can already be observed for DPF3b 
(Fig. 6A, Table 1). While the α-helix content significantly decreases, an 
enrichment in β-sheets is visible by the loss of signal at 206 nm. Turn and 
coil proportions remain unchanged. Additional conformational rear-
rangements proceed in the following 24 h, with a decrease of the random 
coil contribution, and further increase in β-sheets. Structural trans-
formations are still noticed after 96 h incubation. Random coil contri-
bution is further decreased, and the minimum takes shape at ~226 nm 
with a positive band still at 200 nm. Such a CD fingerprint is indicative 
of a protein predominantly folded into antiparallel and twisted β-sheets, 
which has already been reported for DPF3a [22]. Enrichment in β-sheet- 
type secondary structure, typically found amongst amyloidogenic pro-
teins during their fibrillation process, highlights the amyloidogenic na-
ture of DPF3b. In addition, versatile changes in its secondary structure 

Table 2 
Solvent exposition class distribution of DPF3b and DPF3a Trp (W) and Tyr (Y) residues. Each per-residue solvent accessibility has been predicted using the PaleAle 
server.   

Residue position 

Solvent exposition class DPF3b DPF3a 

Very buried (< 4%) Y17, Y341 Y17 

Somewhat buried (4–25%) Y27, Y72, Y74, W79, Y198, Y207, Y217, Y261, W311, Y344, W358, W364 Y27, Y72, Y74, W79, Y207 

Somewhat exposed (25–50%) Y309 Y261 

Very exposed (> 50%) Y54, W56, Y215 Y54, W56, Y198, Y215, Y217  

Fig. 5. Distribution and location of Trp (W) and Tyr (Y) residues of DPF3b and DPF3a with respect to their predicted solvent accessibility, ranging from very buried 
(red), somewhat buried (yellow), somewhat exposed (green), to very exposed (blue). Solvent exposition states of aromatic residues are schematically represented in a 
protein (purple) in the bottom right: aromatic residues in a hydrophobic pocket (red), buried near polar residues (yellow), one face (green) and two faces exposed to 
the solvent (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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content can be due to the formation of subsequent transiently folded 
substructures, needed for the DPF3b fibrillation pathway. 

Regarding DPF3a, comparable conformational transformations are 
detected by CD (Fig. 6B). After 24 h incubation, the main changes 
consist in a more distinctive α-helix contribution with more visible 
minima at 207 and 220 nm, and a loss in random coil, which is 
consistent with the BeStStel output. Unlike DPF3b, DPF3a observes an 
α-helix enrichment during the first steps of its aggregation, which may 
be indicative of distinctive structural rearrangement in the fibrillation 
pathway. The same behaviour has been reported for the amyloidogenic 
IDP, α-synuclein (α-syn), for which amyloid β-sheet cores are formed via 

α-helix-rich intermediates [66]. The following 24 h are characterised by 
a significant loss in α-helical structure, resulting in a drastic shift of the 
minimum from 207 nm to an extensive negative band centred at ~224 
nm. One can expect the formation of additional β-sheets, which is shown 
by secondary structure estimations. Such percentages are similar to the 
ones of DPF3b after 96 h incubation, suggesting that DPF3a structurally 
reorders faster into amyloid seeds, hence hastening its fibrillation. This 
is supported by the CD spectrum at 72 h, displaying a more defined 
negative band at 226 nm, characteristic of amyloid β-sheet-rich struc-
tures. In that respect, the spectrum deconvolution indicates further loss 
in α-helix and random coil in favour of antiparallel β-sheets. With 

Fig. 6. Far-UV CD spectra of full-length (A) DPF3b and (B) DPF3a in TBS at ~20 ◦C at 0 h (solid line), 24 h (dashed line), 48 h (dotted line), 72 h for DPF3a and 96 h 
for DPF3b (dash-dotted line) incubation. 

Fig. 7. (A, C) ITF spectra (λex = 295 nm, sw = 10 nm) and (B, D) normalised first ITF band spectra of full-length (A, B) DPF3b and (C, D) DPF3a in TBS at ~20 ◦C at 0 
h (solid line), 24 h (dashed line), 48 h (dotted line), and 72 h (dash-dotted line) incubation. On normalised spectra, the spectral difference between 0 and 72 h is 
represented by diamonds. 
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respect to the time scale, fewer transient conformers may be necessary to 
trigger DPF3a fibrillation thanks to its disordered C-terminal domain. 

ITF (Fig. 7) and ITyrF (Fig. 8) were used to follow local conforma-
tional modifications upon aggregation. Over the course of 72 h, DPF3b 
Trp residues exhibit a gradual increase in their fluorescence intensity 
(Fig. 7A), while their λem is slightly blue-shifted to ~333 nm (Fig. 7B). 
Both phenomena are associated to more buried Trp residues in a hy-
drophobic core, which is coherent with DPF3b folding into residual 
ordered conformers in order to fibrillate. Such conformers may act as 
amyloid nucleation points. However, the most remarkable spectral 
feature is the emergence of a second emission band at ~456 nm, for 

which the intensity increases as DPF3b proceeds towards aggregates 
(Fig. 7A). This new ITF signal has already been reported for DPF3a fi-
brils, but is yet to be rationalised [22]. Similarly, DPF3b Trp-Tyr emis-
sion band is increasing in intensity over time, indicating that Tyr 
residues are found in a less polar environment (Fig. 8A) [67]. The small 
shoulder at ~305 nm disappears, and the λem is shifted to ~333 nm 
(Fig. 8B). The loss of the specific Tyr fluorescence at 305 nm indicates an 
enhancement of Trp-Tyr FRET due to structural rearrangement of DPF3b 
aggregates. The band at 456 nm is also identified on ITyrF spectra, and 
appears more pronounced (Fig. 8A). Such ITyrF second emission has 
also been detected for transthyretin aggregates [68]. 

Fig. 8. (A, C) ITyrF spectra (λex = 275 nm, sw = 10 nm) and (B, D) normalised Trp-Tyr emission band spectra of full-length (A, B) DPF3b and (C, D) DPF3a in TBS at 
~20 ◦C at 0 h (solid line), 24 h (dashed line), 48 h (dotted line), and 72 h (dash-dotted line) incubation. On normalised spectra, the spectral difference between 0 and 
72 h is represented by diamonds. 

Fig. 9. dbAF excitation spectra (λem = 456 nm, sw = 10 nm) of full-length (A) DPF3b and (B) DPF3a in TBS at ~20 ◦C at 0 h (solid line), 24 h (dashed line), 48 h 
(dotted line), and 72 h (dash-dotted line) incubation. 
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A similar behaviour is observed for DPF3a, albeit of a different order 
of magnitude. In the first 24 h, Trp fluorescence intensity does not in-
crease (Fig. 7C), while the λem starts to be blue-shifted with less 
broadening between 340 and 400 nm (Fig. 7D). In the following 48 h, 
the quantum yield of Trp residues is significantly increased, the λem is 
blue-shifted to 332 nm, and the broadening disappears, which unam-
biguously relates to Trp residues in a more non-polar environment. The 
second emission band at 456 nm is all the more noticeable, for which the 
intensity also drastically increases over aggregation (Fig. 7C). DPF3a 
spontaneous structural reorganisation is even more emphasised by 
ITyrF. No enhancement in emission intensity is observed within 24 h 
(Fig. 8C), but the contribution at ~305 nm decreases, and the Trp-Tyr 
band sharpens (Fig. 8D). From 24 to 72 h, the Tyr emission at 305 nm 
is definitively lost, as well as the broadening between 340 and 400 nm. 
By amyloid folding, previously isolated Tyr and Trp residues are brought 
together, resulting in Trp-Tyr FRET improvement. The fluorescence at 
456 nm is once more very appreciable, as its intensity exceeds the Trp- 
Tyr one within 48 h (Fig. 8C). 

In order to pave the way for understanding the origin of the 456 nm- 
emission detected by ITF and ITyrF, excitation spectra were recorded 
(Fig. 9). The spectrum associated to DPF3b reveals two main contribu-
tions: a broad one between 245 and 280 nm, and a second one centred at 
355 nm (Fig. 9A). Consistently with ITF and ITyrF footprints, the in-
tensity of these excitation bands increases over time. The first band 
explains why the 456 nm emission signal can arise from excitation of Trp 
and/or Tyr residues, the latter having a higher sensitivity. With respect 
to the second band, comparable emissions have previously been re-
ported in the 350–400 nm excitation range for amyloidogenic proteins 
such as α-syn, tau, or human insulin [69,70]. This phenomenon is 
actually referred to as deep-blue autofluorescence (dbAF) or blue-green 

autofluorescence. Though related to protein reordering, the precise 
origin of this autofluorescence remains debated, and its use as an 
intrinsic aggregation probe is still overlooked. It has been recently 
proposed that dbAF originates from numerous infrastructure in-
teractions, such as aromatic and hydrogen bonds, due to the reor-
ientation of residues side chains within aggregates. More specifically, it 
could arise from delocalisation of electrons through hydrogen bonds 
between cross β-sheets [71,72]. Nonetheless, dbAF emission in ITF and 
ITyrF spectra, as well as a second excitation band at 355 nm are indic-
ative of DPF3b spontaneous aggregation. 

The excitation profile of DPF3a dbAF completely differs (Fig. 9B). 
Three main components are identified: a first band at ~235 nm, a second 
one spread from 260 to 280 nm, and a third one, much more distinctive 
and centred at ~400–405 nm. In accordance with ITF and ITyrF, the 
intensity of each excitation band also increases over time. The band at 
235 nm is attributed to the absorption of the peptide bond, at the level of 
carbonyl moieties [73,74]. The second between 260 and 280 nm is likely 
associated to aromatic residues, which accounts for dbAF emission in 
ITF and ITyrF spectra. Once again, Tyr residues are more sensitive to 
dbAF intensity changes. In comparison with DPF3b, the dominant one is 
completely shifted from 355 to 400–405 nm. As DPF3a seems to fibril-
late faster than DPF3b, this dbAF excitation is considered typical of a 
straightforward amyloid pathway. On the contrary, DPF3b dbAF exci-
tation signatures seem to describe more complex structural transitions, 
which are not yet amyloid-related within 72 h. This hypothesis is further 
supported by the DPF3b dbAF excitation spectra recorded after 7 days 
(168 h) of incubation (Fig. S3). Indeed, the resulting spectrum shows the 
same three excitation bands as for DPF3a, demonstrating that DPF3b can 
undergo fibrillation through additional conformational rearrangement 
steps. Therefore, shifting of the dbAF excitation maximum from 355 to 

Fig. 10. Amyloid-specific dye binding assays. ThT emission spectra (λex = 440 nm, sw = 10 nm, CThT = 10 μM) of full-length (A) DPF3b and (B) DPF3a in TBS at 
~20 ◦C at 0 h (solid line), 24 h (dashed line), 48 h (dotted line), and 72 h (dash-dotted line) incubation. UV–visible CR absorption spectra (CCR = 10 μM) of full-length 
(C) DPF3b and (D) DPF3a in TBS at ~20 ◦C at 0 h (solid line), 24 h (dashed line), and 48 h (dotted line) incubation. 
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400 nm would be an indicator of amyloid fibrillation. Consistent with 
excitation spectra, both isoforms are characterised by an overtime in-
crease of the dbAF emission signal at 456 nm after excitation at 400 nm 
(Fig. S4A et B). 

Evaluation of DPF3 aggregates amyloid character was confronted to 
amyloid-specific dye binding assay (Figs. 10A and B). Thioflavin T (ThT) 
is an extrinsic fluorophore known to exhibit a typical increase in its 
emission intensity at about 485 nm (after excitation at 440 nm) upon 
interacting with amyloid fibrils. ThT binding specificity arises from the 
fibril structure, presenting side-chain grooves at its surface [75,76]. 
DPF3b emission spectra in the presence of ThT support previous spectral 
observations (Fig. 10A). Indeed, no increase in ThT fluorescence in-
tensity is detected within 72 h, which is in line with the formation of 
transient non-amyloid β-sheet-rich structures. In agreement with dbAF, 
ThT emission increases after 7 days (168 h) of incubation, which as-
certains the formation of amyloid fibrils (Fig. S5). As expected from 
DPF3a higher fibrillation propensity, associated ThT spectra show a 
significant intensity enhancement up to a twelvefold increase after 72 h 
(Fig. 10B). Congruently with previous spectroscopy analyses, DPF3a 
ThT signatures ascertain the formation of amyloid seeds within 24–48 h. 

In parallel with the ThT binding assay, the Congo red (CR) dye was 
also used, as it possesses comparable amyloid-specific spectroscopic 
properties (Fig. 10C and D). CR binding to amyloid fibrils is known to 
result in changes of its absorption spectrum, such as a shifted λabs from 
490 to 500–510 nm, the emergence of a shoulder at 540 nm, and a 
general hyperchromic effect [77]. While a slight increase in absorbance 
intensity is observed for DPF3b after 48 h, there is no λabs shift, therefore 
confirming the absence of any amyloid-like aggregates (Fig. 10C). In 
contrast, DPF3a displays every characteristic amyloid signature upon CR 
addition after 48 h (Fig. 10D). The λabs is shifted towards 508 nm, the 
band presents a shoulder at 540 nm, and the absorption intensity is 
increased, advocating for the formation of an amyloid core within 48 h. 
Nonetheless, DPF3b also binds CR after 7 days (168 h) incubation, 
because it exhibits identical patterns (Fig. S6). 

Along with experimental evidence, fibrillation propensity is another 
property that can be estimated by amyloid predictors (see Section 2.3). 
The AMYLPRED2 server, grouping 11 independent prediction algo-
rithms, aims at finding aggregation hotspots in the query protein 
sequence on the basis of its primary structure. On a consensus of 5 
different methods, outputs reveal that DPF3a has 2 amyloid hotspots in 
the 2/3 domain (Fig. S7A). DPF3b has an additional hotspot in the PHD- 
1 domain (Fig. S7B). In comparison, CamSol intrinsic solubility pre-
dictions assign 5 poor soluble segments in both isoforms, more precisely 
in the 2/3 domain, as well as in C2H2 and PHD-1 ZnFs (Fig. S8A). In 
addition, 6 more hotspots are found in DPF3b double PHD ZnF 
(Fig. S8B). While the hits overlapping with AMYLPRED2 are likely 
aggregation-promoting spots, the other highlighted by CamSol are 
realistically less hydrophilic due to their location in folded domains. One 
should not confuse aggregation potential with aggregation rate. Driven 
by intermolecular interactions, conformational dynamics of DPF3a C- 
terminal domain could more readily force it to adopt specific folds 
leading to aggregates. In other words, despite the absence of predicted 
hotspots at the C-terminus, its faster rearrangement into a typical am-
yloid β-sheet core probably hastens the fibrillation process. This hy-
pothesis is in line with the DPF3b-DPF3a kinetics discrepancy as 
discussed in the spectroscopy results. 

Metal ions are known to impact the aggregation pathways of pro-
teins, especially IDPs. By binding to IDPs and reducing charge repulsion, 
they favour conformation ensembles that can promote self-assembly 
[78,79]. DPF3 isoforms possessing ZnF domains and zinc binding resi-
dues (Fig. S9), Zn2+ cations may modify their aggregation properties by 
affecting conformational changes and fibrillation kinetics. Thus, it could 
be informative to assess DPF3 sensitivity to Zn2+ and other divalent 
cations involved in neurodegenerative diseases, such as Ca2+, Mg2+, or 
Cu2+. 

3.4. Morphological features of DPF3 aggregates 

Albeit spectroscopy techniques are powerful tools for monitoring 
conformational changes of proteins, they can be limited when it comes 
to discriminate different forms of aggregation. In that respect, trans-
mission electron microscopy (TEM) enables to visualise aggregates and 
fibrils at the nanometre scale [80]. Previously, we have observed that 
DPF3a is able to form oligomers, protofibrils, and short needle-shape 
amyloid filaments [22]. Here, the morphological diversity of DPF3b 
aggregates has been unveiled and compared to that of DPF3a. Consid-
ering that amyloid spectroscopy footprints were seen for DPF3b after 7 
days (168 h) of incubation, DPF3a samples were also incubated 7 days 
prior to TEM analysis. The presence of aggregated species was first 
assessed by DLS, which reveals a wide single population presenting a Dh 
ranging from ~200 to ~270 nm for both isoforms (Fig. S1C). TEM mi-
crographs unveil several distinctive aggregate types, providing infor-
mation on the assembly mechanisms followed by DPF3 isoforms 
(Fig. 11). For both isoforms, spherical nucleation units (SNUs), con-
sisting of spheric-shaped high-order oligomers, are found in the vicinity 
of granular prefibrillar aggregates (also called protofibrils), which can 
elongate and branch out from SNUs clustering (Fig. 11A). SNUs diameter 
amounts to ~25–40 nm, which is in the range of reported tau SNUs [81]. 

Textbook single amyloid fibrils are difficult to find because both 
DPF3b (Fig. 11B) and DPF3a (Fig. 11C) tend to form large fibrillar 
clusters, taking the shape of striated twisted ribbon fibrils (STRFs). DPF3 
STRFs present distinguishable morphologic features, though a notice-
able variability in sizes is observed. They are characterised by a series of 
twists and untwists following a certain periodicity, giving STRFs a 
pseudo-helical appearance, which is an amyloid fingerprint [82]. This 
periodicity seems to arise from filaments assembly as it is not observed 
for isolated fibrils (Fig. 11B), which appear more like straight filaments 
(SFs). SFs are already mature fibrils that are ~18–25 nm wide, falling in 
the range observed for amyloid fibrils [83]. For DPF3b, the width of 
twists is ~100–110 nm, while untwists are ~200–230 nm wide 
(Fig. 11B). Regarding the representative DPF3a STRF (Fig. 11C), twists 
and untwists are ~30–40 nm and ~70–90 nm wide, respectively. Once 
again, the size discrepancy is not isoform-specific, and amyloid fibrils 
often display large variations in size. It appears that the width of un-
twists is twice larger than the twists. Also, the twist-to-twist distance in 
STRFs is approximatively ten- to fifteenfold the twist width. Similar 
ratios have been described for tau twisted ribbon and paired helical 
filaments [81,84]. The striated aspect of DPF3b and DPF3a STRFs relates 
to the alignment of multiple stretched linear protofibrils and/or SFs 
(Fig. 11D). Each striation is ~3–4 nm wide, and corresponds to a single 
fibril. Furthermore, diversely sized STRFs are often encountered within 
densely entangled fibrous networks, where numerous small STRFs 
merge into large ones (Fig. 11E). Amyloidogenic proteins are known to 
bundle into neurofibrillary networks in neurodegenerative diseases 
[85]. Beside the formation of highly structured fibrils, amorphous ag-
gregation can also occur during DPF3 isoforms assembly (Fig. 11F). 

The presence of intermediary aggregated species suggests that DPF3 
isoforms undergo a colloidal fibrillation pathway, rather than a 
nucleation-elongation process, in a comparable manner to the tau pro-
tein. In the colloidal model, SNUs are considered as colloidal units that 
interact with each other in order to form fibrillar structures. Conversely, 
in the nucleation-elongation model, fibrillation is carried out by addi-
tion of protein monomers [81]. Nevertheless, the colloidal pathway may 
not be exclusive, as both mechanisms could concomitantly occur and 
lead to morphologically similar fibrils. Because DPF3b share common 
aggregation features with DPF3a, we propose that it essentially follows 
the same colloidal fibrillation pathway (Fig. 12). In early aggregation 
stage, DPF3 assembles into SNUs, enriching in β-sheet secondary struc-
ture. Indeed, such oligomers have shown to bind ThT [86]. Pre-existence 
of smaller oligomers acting as a SNU initiator is very likely. SNUs serve 
as nucleation points for the growth of granular protofibrils, which 
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resemble strings of beads. These prefibrillar structures then elongate, 
and can also ramify, by SNU packing. Linear protofibrils assemble and 
stretch into SFs. Such fibrils are then prone to intertwine and gather into 
large STRFs, forming tangled fibrillar amyloid networks. 

4. Conclusions 

In the present study, structural properties of DPF3b and DPF3a iso-
forms have been investigated in vitro by light scattering, spectroscopy, 
and microscopy techniques. Predictions and experimental evidence have 
been consistent with both isoforms being highly disordered proteins. CD 
spectroscopy has revealed similar footprints dominated by random coil, 
and measured hydrodynamic diameters by DLS indicate that they adopt 
expanded conformations. DPF3a has also exhibited more intrinsic dis-
order than DPF3b, as highlighted by structural predictors, UV–visible 
absorption spectroscopy, and the presence of additional IDR and MoRFs 
in its C-terminal domain. Supported by solvent accessibility predictions, 
ITF and ITyrF have highlighted that Trp and Tyr residues of DPF3b are 
less exposed to the solvent than DPF3a, suggesting that the latter pos-
sesses a more extended conformational ensemble. 

Time-dependent biophysical characterisation has demonstrated that 
both DPF3 isoforms are prone to spontaneous aggregation, and are 
capable of assembling into amyloid fibrils. By confronting spectroscopy 

analyses, we found out that DPF3 isoforms have comparable, although 
kinetically different, fibrillation pathways. A gradual increase in anti-
parallel β-sheet content has been observed by CD for the two isoforms 
with the formation of α-helix-enriched intermediates for DPF3a. ITF and 
ITyrF have also been efficient probes for local structural modifications, 
as well as for unravelling aggregation mechanisms. Trp and Tyr residues 
have shown to be found in a less polar environment upon aggregation. 
Complementarily, dbAF and the associated excitation spectra have 
proven to be suitable and sensitive techniques for monitoring the course 
of fibrillation, particularly useful in discriminating transient aggregated 
states. 

ThT and CR binding assays have ascertained the amyloid nature of 
DPF3 aggregates, and supported that DPF3a fibrillates faster. Indeed, 
DPF3b aggregation appears slower due to successive order-to-disorder- 
to-order transitions. Indeed, the unfolding of its double PHD ZnF, fol-
lowed by the refolding into an amyloid β-sheet core appears to elongate 
the fibrillation lag phase compared to DPF3a. Conversely, DPF3a rapidly 
folds and aggregates into amyloid seeds, which assemble into mature 
fibrils, thanks to its highly dynamic C-terminal domain, thus allowing 
quicker disorder-to-order transitions. DPF3 isoforms have displayed a 
similar aggregation polymorphism by TEM, indicative of their fibrilla-
tion mechanism, involving SNUs, “worm-like” protofibrils, SFs, STRFs, 
and neurofibrillary tangles. DPF3 isoforms being zinc finger proteins, 

Fig. 11. NS TEM micrographs (voltage of 100 kV) of 
7 days-incubated DPF3b and DPF3a in TBS at ~20 ◦C. 
(A) SNUs (an isolated one is indicated by the black 
arrow) clustering into granular protofibrils (DPF3a 
sample). (B) DPF3b and (C) DPF3a twisted ribbon- 
shaped mature amyloid assemblies (STRFs), made 
up of a multitude of smaller mature fibrils (an iso-
lated one is indicated by the black arrow on panel B). 
(D) Close up on a large STRF with the typical striated 
pattern related to individual stretched fibrils (DPF3a 
sample). (E) Entangled network of fibrous amyloid 
aggregates (DPF3a sample). (F) Amorphous aggre-
gated phase (DPF3a sample). On each micrograph, 
the scale bar is indicated at the bottom right.   
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the influence of Zn2+ as well as other divalent metal cations on their 
aggregation properties will be investigated in future works. Additional 
physicochemical parameters, such as temperature, pH, or ionic strength, 
will also be considered. 

At a physio-pathological point of view, our study opens new avenue 
of investigation for DPF3 isoforms. Like other proteins such as tau, DPF3 
aggregation in neurons might be unequivocally associated with neuro-
degenerative diseases, such as Alzheimer's disease, Parkinson's disease, 
Huntington's disease, and amyotrophic lateral sclerosis. Because protein 
aggregation has been linked to TOF [87], it would deserve to determine 
whether DPF3 isoforms also tend to self-aggregate in these patients. 
Finally, mutation in CEP135 protein forms protein aggregates in flagella 
and induces multiple morphological abnormalities of the sperm flagella 
(MMAF), a rare disease associated with primary infertility [88]. As SNP 
in DPF3 is related to male infertility, it would be highly interesting to 
look whether the presence of SNP and/or mutations in DPF3 isoforms 
would further promote or accelerate protein aggregation, potentially 
affecting the normal function of spermatozoids. 

In sum, this study has provided insights into the respective disorder- 
based functionality of DPF3 isoforms. DPF3b and DPF3a have been 
identified as two new amyloidogenic IDPs, comparatively to α-synuclein 
and the protein tau, making them new promising druggable targets in 
IDP- and aggregation-associated diseases, such as cancer, cardiovascular 
and neurodegenerative disorders. 
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intrinsic disorder and aggregation properties of the DPF3a zinc finger protein, ACS 
Omega. 6 (2021) 18793–18801, https://doi.org/10.1021/acsomega.1c01948. 

[23] P. Kulkarni, S. Bhattacharya, S. Achuthan, A. Behal, M.K. Jolly, S. Kotnala, 
A. Mohanty, G. Rangarajan, R. Salgia, V. Uversky, Intrinsically disordered proteins: 
critical components of the wetware, Chem. Rev. 122 (2022) 6614–6633, https:// 
doi.org/10.1021/acs.chemrev.1c00848. 

[24] P. Kulkarni, V.N. Uversky, Intrinsically disordered proteins in chronic diseases, 
Biomolecules 9 (2019), https://doi.org/10.3390/biom9040147. 

[25] V.N. Uversky, Intrinsically disordered proteins: targets for the future ? in: J.- 
P. Renaud (Ed.), Structural Biology in Drug Discovery: Methods, Techniques, and 
Practices, First Edit, John Wiley & Sons Inc, 2020, pp. 587–612. 

[26] B.J.H. Kuipers, H. Gruppen, Prediction of molar extinction coefficients of proteins 
and peptides using UV absorption of the constituent amino acids at 214 nm to 
enable quantitative reverse phase high-performance liquid chromatography-mass 

spectrometry analysis, J. Agric. Food Chem. 55 (2007) 5445–5451, https://doi. 
org/10.1021/jf070337l. 

[27] R.M. Williams, Z. Obradovi, V. Mathura, W. Braun, E.C. Garner, S. Takayama, C. 
J. Brown, A.K. Dunker, The protein non-folding problem: amino acid determinants 
of intrinsic order and disorder, Pac. Symp. Biocomp. (2001) 89–100. 

[28] K. Peng, S. Vucetic, P. Radivojac, C.J. Brown, A.K. Dunker, Z. Obradovic, 
Optimizing long intrinsic disorder predictors with protein evolutionary 
information, J. Bioinforma. Comput. Biol. 3 (2005) 35–60, https://doi.org/ 
10.1142/s0219720005000886. 

[29] Garner, Romero, Dunker, Brown, Obradovic, in: Predicting Binding Regions Within 
Disordered Proteins. Genome Informatics. Workshop on Genome Informatics 10, 
1999, pp. 41–50. 

[30] I. Walsh, A.J.M. Martin, S.C.E. Tosatto, T. Di domenico, Espritz: Accurate and fast 
prediction of protein disorder, Bioinformatics 28 (2012) 503–509, https://doi.org/ 
10.1093/bioinformatics/btr682. 

[31] T. Ishida, K. Kinoshita, PrDOS: prediction of disordered protein regions from amino 
acid sequence, Nucleic Acids Res. 35 (2007) 460–464, https://doi.org/10.1093/ 
nar/gkm363. 
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