
Full Length Article

Aurora 2.0: A fluorogenic dye library for expanding the capability of 
protein-adaptive differential scanning fluorimetry (paDSF)

Annemarie F. Charvat a,b,1 , Kayleigh Mason-Chalmers a,1 , Aneta Grabinska-Rogala a ,  
Shloka Shivakumar a, Zachary Gale-Day a,b , Taiasean Wu a,b, Zoe Millbern c ,  
Jonathan B. Grimm d , Emma C. Carroll a,b,e , K․ Peter R․ Nilsson f, Luke D. Lavis d,  
Nelson R. Vinueza c, Jason E. Gestwicki a,b,*

a Institute for Neurodegenerative Diseases, University of California, San Francisco, San Francisco, CA 94158, USA
b Department of Pharmaceutical Chemistry, University of California San Francisco, San Francisco, CA 94158, USA
c Department of Textile Engineering, Chemistry and Science, North Carolina State University, Raleigh, NC 27695, USA
d Janelia Research Campus, Howard Hughes Medical Institute
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A B S T R A C T

Differential Scanning Fluorimetry (DSF) is a biophysical assay that is used to estimate protein stability in vitro. In 
a DSF experiment, the increased fluorescence of a solvatochromatic dye, such as Sypro Orange, is used to detect 
the unfolding of a protein during heating. However, Sypro Orange is only compatible with a minority of proteins 
(< 30 %), limiting the scope of this method. We recently reported that protein-adaptive DSF (paDSF) can 
partially solve this problem, wherein the protein is initially pre-screened against ~300 chemically diverse dyes, 
termed the Aurora collection. While this approach significantly improves the number of targets amenable to DSF, 
it still fails to produce protein-dye pairs for some proteins. Here, we report the expansion of the dye collection to 
Aurora 2.0, which includes a total of 517 structurally diverse molecules and multiple new chemotypes. To assess 
performance, these dyes were screened against a panel of ~100 proteins, which were selected, in part, to 
represent the most challenging targets (e.g. small size). From this effort, Aurora 2.0 achieved an impressive 
success rate of 94 %, including producing dyes for some targets that were not matched in the original collection. 
These findings support the idea that larger, more chemically diverse libraries improve the likelihood of detecting 
melting transitions across a wider range of proteins. We propose that Aurora 2.0 makes paDSF an increasingly 
powerful method for studying protein stability, ligand binding and other biophysical properties in high 
throughput.

1. Introduction

Differential Scanning Fluorimetry (DSF) is an assay used to estimate 
the stability of a purified protein by measuring its apparent melting 
temperature (Tma) [1,2]. In a typical DSF experiment, a target protein is 
mixed with a “turn-on” fluorescence dye, typically either Sypro Orange 
or 8-anilinonaphthalene-1-sulfonic acid (ANS). As the mixture is heated, 

the protein unfolds, revealing hydrophobic regions that were previously 
buried in the native state and resulting in increased fluorescence in
tensity of the solvatochromatic dye (Fig. 1a). The protein’s Tma value is 
then determined by calculating the half maximal of the temperature vs. 
fluorescence plot [3–5]. In turn, the Tma value is a broadly useful mea
sure of relative protein stability, such that DSF has been used to measure 
ligand binding [3], determine inhibitor selectivity [6], study cofactor 
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interactions [7], optimize buffers [8–10] or additives [10] and study the 
impact of point mutations [11]. The shape of DSF curves has also been 
used to reveal the mechanism of inhibitors (e.g., noncompetitive vs, 
covalent) [12]. Importantly, while other biophysical platforms can be 
used to acquire similar information, the advantage of DSF is that it can 
be carried out in high throughput [13,14]. For example, DSF has been 
used to perform large scale chemical screens in 384-well format [15,16], 

where a shift in the Tma value (ΔTma) has been used to rapidly identify 
inhibitors. This method has also been used to profile large numbers of 
MHC-peptide interactions, with striking agreement to circular 
dichroism-based measurements of Tma [17].

Despite the potential of DSF, several technical issues have limited its 
widespread use. One persistent problem is incompatibility of Sypro 
Orange with many proteins, plates, buffers and/or ligands [13]. These 
artifacts typically manifest as low dye fluorescence intensity, 
non-standard curve shapes and/or dye interactions with the folded state, 
all of which mask the unfolding transition (Fig. 1b) [18,19]. To address 
these issues, we recently introduced protein-adaptive Differential 
Scanning Fluorimetry (paDSF), an approach in which the assay is first 
“adapted” to the specific protein target (or application) by pre-screening 
it against a library of fluorogenic dyes to identify a compatible 
dye-protein pair [19]. Towards that goal, we collected a library of 312 
dyes, termed Aurora, which includes a number of diverse chemotypes, 
including textile dyes, analogs of Sypro Orange and ANS, histology dyes, 
amyloid-binding ligands, laser dyes and a subset from the Max A. 
Weaver Collection [19,20]. When Aurora was screened against ~70 
different test proteins, suitable paDSF dyes were identified for >90 %, 
strongly supporting the idea that failures in DSF are largely a product of 
incompatible dye reagents. A second important feature in the paDSF 
workflow is the use of DSFWorld software, which significantly improves 
the accuracy of Tma determination by introducing new curve-fitting al
gorithms [4]. Together, these advancements in software and reagents 
expand the scope of paDSF experiments to allow studies of many more 
targets, including those with complex melting transitions. For example, 
paDSF was recently used to build an assay for the two-domain target, 
protein phosphatase 5 (PP5), which has complex unfolding behavior and 
was not compatible with Sypro Orange [21].

Despite these advances, some targets in the initial screening set were 
not matched to dyes in the Aurora collection. We hypothesize that a 
further expansion of the chemical, spectral and structural diversity of 
the dye library might further improve this platform. To test this idea, we 
created Aurora 2.0, an expanded collection comprising 517 total dyes. 
The new additions include scaffolds that were minimally explored in the 
original collection (now termed Aurora 1.0), such as rhodamines and 
polythiophenes. Screening Aurora 2.0 against 43 challenging proteins 
and a subset of the 70 original ones confirmed that it produced useful 
paDSF assays for 94 % of targets, including three that failed using Aurora 
1.0 alone. In addition, we noticed that Aurora 2.0 included dyes that 
bind to the native, folded state, potentially providing “turn on” fluo
rescent probes for detecting these targets. We propose that Aurora 2.0 
further expands the scope of paDSF, as well as providing dyes for 
additional applications.

2. Materials and methods

2.1. Aurora 2.0 collection

Sypro Orange (5000x) was purchased from Thermo Fischer Scientific 
(Ref S6650). The remaining dyes were obtained from collaborators [20,
22–26] or purchased from catalogs (Supplementary Data 1). Dyes were 
not further characterized. The Aurora 1.0 and extended library dyes 
were diluted to 1 mM (DMSO) and dispensed into clear 384-well mi
crotiter plates (781,280, Greiner BioOne). These stock plates were 
sealed (Aluminum Nunc Sealing Tape C0T20240898) and stored at 
room temperature in the dark at room temperature (Aurora 1.0) or − 20 
◦C (extended library).

For each member of the library, SMILES strings were canonicalized 
using Chem.MolToSmiles in the ‘RDKit’ package in Python 3. Molecular 
files were converted to 2048-bit Morgan Fingerprints and used to 
calculate a pairwise Tanimoto similarity matrix. The resulting similarity 
matrix was converted to a dissimilarity matrix by subtracting each value 
from 1. Butina clustering was performed in Python 3.0 to identify 
structurally similar scaffolds (Supplementary Fig. 1a), and a bar chart 

Fig. 1. Illustration of an idealized differential scanning fluorimetry (DSF) result 
and examples of common, obfuscating artifacts. (a) Example of an idealized DSF 
curve for a soluble, single-domain protein, in which dye fluorescence increases 
during thermal unfolding. Also, it is common for the signal to decay at higher 
temperatures, producing a characteristic curve shape. (b) Examples of common 
artifacts in DSF, such as high initial fluorescence, poorly defined transitions 
and/or no change in fluorescence upon protein unfolding. In all cases, it is not 
possible to calculate an accurate Tma value.
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was generated to compare differences (Supplemental Fig. 1b). Calcu
lated LogP values were determined from the SMILES using Crippen. 
MolLogP from RDKit. To further analyze structural diversity, a Principal 
Component Analysis (PCA) was performed on the 2048-bit Morgan 
fingerprint matrix. This dimensionality reduction approach was imple
mented using the PCA class from sklearn.decomposition in the scikit- 
learn library, extracting the top two principal components. The com
ponents captured the axes of structural variation across the dye library.

2.2. Protein expression and purification

Proteins in the original test panel were described previously [19] and 
the 43 additional proteins were obtained from collaborators (see Ac
knowledgements). Each protein was stored and tested in its own buffer 
(Supplemental Data 2).

For the expression of DnaJ, DNAJA1, DNAJA2, DNAJB1, DNAJB2, 
DNAJB4, or DNAJC7, Escherichia coli Rosetta 2(DE3)pLysS cells were 
transformed with plasmids. The sequence of DnaJ was from E. coli and 
the remaining were human. Cells were grown in 2 L of Terrific Broth 
(TB) supplemented with either ampicillin (100 μg/ml) or kanamycin (50 
μg/ml) at 37 ◦C. Protein expression was induced with 1 mM isopropyl 
β-d-thiogalactopyranoside (IPTG) at OD₆₀₀ = 0.6, and cultures were 
incubated for 4 h at 37 ◦C. Cells were harvested by centrifugation, 
frozen, thawed, and lysed in buffer A (50 mM Tris–HCl pH 8.0, 300 mM 
NaCl, 10 % glycerol, 20 mM imidazole, 5 mM β-mercaptoethanol, 2 mM 
PMSF). Lysates were clarified by centrifugation (48,380 × g, 30 min, 4 
◦C), and the supernatants were loaded onto 5 mL of Ni-NTA resin 
(Thermo Scientific), pre-equilibrated with 20 mL of buffer A. The resin 
was washed sequentially with 40 mL of buffer A, 20 mL of buffer A 
containing 0.5 % Triton X-100, 20 ml of buffer A containing 700 mM 
NaCl, 20 mL of buffer A containing 0.1 mM ATP and 5 mM MgCl₂, and 20 
mL of buffer A. Proteins were eluted with buffer A supplemented with 
200 mM imidazole. Fractions containing the target JDPs were pooled 
and concentrated by centrifugation (3500 × g, 15 min, 4 ◦C) using 
Amicon® Ultra centrifugal filters with a 10 kDa molecular weight cut-off 
(Millipore). His-tags were removed by overnight incubation with TEV 
protease at 4 ◦C. Proteins were further purified by size-exclusion chro
matography (SEC) on a HiLoad 16/600 Superdex 75 prep-grade column 
(Sigma-Aldrich) equilibrated in phosphate-buffered saline (PBS) sup
plemented with 1 mM DTT. Fractions with purified JDPs were pooled, 
concentrated using 10 kDa Amicon® Ultra filters (3500 × g, 15 min, 4 
◦C), aliquoted, flash-frozen in liquid nitrogen, and stored at − 80 ◦C.

The DNAJB6b and DNAJB8 proteins were expressed in Rosetta 2 
(DE3)pLysS cells harboring plasmids grown in 2 L TB medium supple
mented with kanamycin (50 μg/mL) at 37 ◦C until reaching OD₆₀₀ = 0.6. 
Protein expression was induced with 1 mM IPTG, and the cultures were 
incubated for an additional 3 h at 37 ◦C. Cells were harvested by 
centrifugation (4000 × g, 20 min, 4 ◦C), resuspended in PBS with 2.5 
mM PMSF, and pelleted again. For lysis, cell pellets were resuspended in 
buffer E (8 M guanidine hydrochloride, 50 mM HEPES pH 7.5, 20 mM 
imidazole, 1 mM DTT). Lysates were clarified by centrifugation (10,000 
× g, 20 min, 4 ◦C). The supernatant was loaded onto 5 mL of pre- 
equilibrated Ni-NTA resin (Thermo Scientific) with buffer E. The resin 
was washed sequentially with 50 mL of buffer E; 50 mL of buffer E 
without guanidine hydrochloride. Bound protein was eluted with 30 mL 
of elution buffer E with 500 mM imidazole. Fractions containing the 
target protein were dialyzed overnight at 4 ◦C in 5 L of 50 mM ammo
nium formate. Following lyophilization, protein samples were stored at 
− 80 ◦C. In the psDSF experiments, these proteins were reconstituted in 
PBS containing 1 mM DTT.

2.3. Protein property analysis

Protein parameters, such as molecular weight, instability index, 
aliphatic index, GRAVY and residue information, were obtained by 
inputting protein sequence into Expasy ProtParam (see Supplemental 

Data 2). Protein models and tertiary structure information were ob
tained by inputting protein sequence into Alpha Fold 3.0. Percent dis
order was calculated by taking the average residue disorder as found 
using MetaPredict V3.0 created by Alex Holehouse at Washington Uni
versity. SASA was calculated using FreeSASA with the Shrake-Rupley 
algorithm [27].

2.4. Dye screening

Dye screens were performed as previously described [19] and a more 
detailed, step-by-step protocol has been reported [13]. From the stock 
dye plates, samples were dispensed into daughter plates (781,280, 
Greiner BioOne) and stored − 20 ◦C. The daughter plate included 250 nL 
of each dye in DMSO and 20 µL of the desired buffer for each protein. 
The dye plate format for this dispensing step was adapted from previous 
reports [19]. Then, proteins (2 µL of 10 µM stock), were added to a 
384-well, white, opaque Axygen (PCR-384-LC480WNF) microtiter 
plate. We find that white plates tend to have improved sensitivity in this 
application, while black qPCR plates tend to have reduced background. 
Therefore, we routinely use white plates for dye screens because signal 
intensity tends to be a more important experimental parameter in 
choosing dye-protein pairs than background signal, but this choice will 
sometimes depend on the specific application. To the Axygen plate was 
dispensed 8 µL of dye solution using an Opentrons OT-2. The plates were 
briefly spun before and after transfer of the dye solution. These plates 
were sealed (AB1 MicroAmp Optical Adhesive Film 4311,971) and DSF 
experiments performed in a qTOWER (Analytik Jena).

In each DSF experiment, fluorescence intensity was measured in six 
channels (‘FAM’ ex/em, 470/520; ‘JOE’ ex/em, 515 nm/545 nm; 
‘TAMRA’ ex/em, 535 nm/580 nm; ‘ROX’ ex/em, 565 nm/605 nm; ‘Cy5’ 
ex/em, 630 nm/670 nm; ‘Cy5.5’ ex/em, 660 nm/705 nm). Each 
experiment was performed using a temperature range of 25 to 94 ◦C 
with a heating rate of 1 ◦C / min. If an individual protein did not unfold 
properly using this protocol, we tried “up-down” mode, as previously 
described [13]. Each experiment included an important control, in 
which buffer was used instead of protein. The data from the dye screens 
were analyzed using a previously described online tool [19]. Then, the 
Tma values were calculated using DSFWorld [4]. From the curves with 
calculated values, “hits” were called manually if there was a clear 
sigmoidal increase in fluorescence in at least one of the ex/em channels. 
The “sensitives” were categorized as the samples in which the curve 
shape was not ideal, but there was an apparent increase in fluorescence. 
All other combinations were labelled as “inactive”. Both the “hits” and 
“sensitives” were nominated for subsequent validation.

For validation, the “hits” and “sensitives” were carried forward to 
dose response experiments, as previously described [19]. Briefly, DSF 
experiments were repeated by varying the dye concentrations from 50 
µM to 6.25 µM (2-fold dilutions), followed by screening using the same 
protocol as above (see Supplemental Data 3). The “hits” were then 
called manually if there was a clear sigmoidal increase in fluorescence 
that was dependent on the dye concentration. The Tma values for the 
“hits” were calculated using DSFWorld [4].

2.5. Clustering of JDP similarity

To group the proteins, their J-domains were analyzed via the Smith- 
Waterman and Needleman-Wensch algorithms, which resulted in a 
dendrogram that aligned with their known phylogenetic relationships. 
This analysis also successfully clustered the proteins based on their 
known “A”, “B” and ”C” categories (e.g., DnaJB1 and DnaJB4 clustered).

2.6. Statistics

A Pearson’s Correlations Test was conducted to analyze the Tma 
values and to explore potential trends between the percent disorder and 
number of “hit” dyes. A Fishers Exact Test was used to determine the 
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usefulness of each dye library, and a Wilcoxon’s rank-sum test used to 
analyze their hit distributions. A Random Forest Classifier was used to 
predict whether a dye was active using its PCA values. All analyses were 
conducted using R v4.5.0.

Fig. 2. Assembling a chemical diverse Aurora 2.0 dye collection. (a) The Aurora 1.0 library (purple) contains 312 dyes and 148 were found to interact with at least 
one protein. To expand on this collection, we added 205 dyes (green) from the JaneliaFluors, polythiophenes, and other commercial dyes. The Aurora 2.0 Library 
contains a total of 517 dyes, with 173 identified as interacting with at least one protein in paDSF experiments (see below). (b) A 1024-bit principal component 
analysis (PCA) was performed with Aurora 2.0, scaled by Aurora 1.0 (purple), the extended library (green), and SYPRO Orange (orange). PC1 represents the amount 
of variance based on the Morgan Fingerprints, and PC2 represents the second-most variance, such as changes in structure based on dye type. (c) A polar dendrogram 
determined using pairwise ECFP4 Tanimoto coefficient similarities followed by hierarchical clustering. Each circle represents an individual dye, and larger circles 
have a higher hit percentage against the protein test set (see below), Aurora 1.0 dyes are light grey branches, whereas the new extended library is labelled red. 
Additionally, highly related dye families are shadowed in grey and labelled by dye scaffold (rhodamine, thiophene). The chemical structures of some of the highest 
performing dyes are shown alongside their Aurora 2.0 number and/or common name.
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3. Results

3.1. Building the Aurora 2.0 Library

To extend the capabilities of paDSF, we sought to add dyes to the 
Aurora 1.0 collection. Towards that objective, we curated the literature 
with a focus on adding chemotypes that are under-represented or not 
included in Aurora 1.0, ultimately selecting JaneliaFluors, Biotracker 
dyes and a set of diverse commercial molecules (Fig. 2a) [20,22–26]. 
The JaneliaFluor sub-collection consists of 144 dyes grouped into 15 
distinct rhodamine-based scaffolds (Supplemental Fig. 1). The Bio
tracker dyes are polythiophenes that vary in length and spectral prop
erties, which have been widely used in the imaging of amyloids. To 
quantify how these additions might expand the collection’s chemical 
diversity, we determined 1024-bit Morgan fingerprints for each dye and 
then performed principal component analysis (PCA). This approach 
confirmed that the new additions increased the sampling of chemical 
space (Fig. 2b), where the first two principal components accounted for 
14.9 % of the total variance (PC1: 9.9 %, PC2: 5.0 %). To illustrate this 
increased chemical diversity in a separate way, we calculated pairwise 
Tanimoto similarity coefficients and plotted the values on a dendro
gram. In this representation, most of the new additions (Fig. 2c; red 
lines), such as the JaneliaFluor rhodamines and Biotracker poly
thiophenes, clustered separately from the other chemotypes, such as 
polymethines and merocyanines, which were already well-represented 
in Aurora 1.0 (Fig. 2c; grey lines). In addition, the new dyes extended 
parts of the existing collection; for example, the new coumarins added to 

the local diversity amongst that chemotype. While the overall chemical 
diversity is increased, the calculated clogP values of the Aurora 1.0 and 
new dyes are similar (Supplemental Data 1). Together, we conclude 
that, although Aurora 1.0 was already selected for chemical diversity, 
the extension to Aurora 2.0 further accentuated this property.

3.2. The Aurora 2.0 Library Further Extends the Scope of paDSF

Next, we collected a test panel of proteins for screening. We started 
with a subset (~65) of those proteins that had previously been screened 
against Aurora 1.0 [19]. These proteins had been chosen to vary in size 
and other structural features, such as helical content, percent disorder 
and hydrophobicity. Using this collection, it had previously been noted 
that smaller proteins tended to be harder targets [19]; therefore, we 
selected 43 additional proteins to add to the test set which were enriched 
in low molecular weight (< 30 kDa; Supplemental Data 2). These 
additional proteins also varied in the other key characteristics, such as 
percent disorder (Supplementary Fig. 2). It should be noted that this 
panel excludes membrane proteins, because of the expected complexity 
introduced by needing to include detergents or lipids. To illustrate the 
structural diversity of the test panel, we created AlphaFold3 models 
(Supplementary Fig. 3) [28], graphically showing the range of protein 
topologies and features. Together, we consider the resulting panel of 
~100 proteins to be a representative set that could be used to rigorously 
explore the performance of the paDSF dyes.

We then screened the test proteins against the 517 compounds of the 
Aurora 2.0 collection to identify compatible protein-dye pairs. In these 

Fig. 3. Screens of the Aurora 2.0 collection produces dye-protein pairs for nearly all targets. (a) Schematic of the dye screening workflow, in which proteins and dyes 
are mixed and fluorescence measured as a function of temperature in an rtPCR instrument. Hits were selected using DSFWorld. (b) Sypro Orange was found to 
produce a meaningful Tma value for 24 % of the target proteins, while Aurora 1.0 was successful for 91 % and Aurora 2.0 for 94 %. (c) Overview of the screening 
results, plotted as the dye similarity (top) against the protein test panel (side). Actives are indicated by a darker mark, sensitive dyes are shown in a lighter color and 
inactives are blank. Examples of a dye hit, a sensitive dye, and an inactive are shown in the key.
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experiments, we used automated liquid handling to mix each protein 
(~10 µM) with each dye (~50 µM) in 384-well plates and then per
formed paDSF experiments in an rtPCR instrument (Fig. 3a). In the 
screens, we collected data at 6 excitation/emission pairs to allow for 
changes in either dye fluorescence intensity or wavelength, such that the 
workflow produced > 250,000 individual paDSF experiments and > 35 
billion total datapoints. The resulting data was analyzed as previously 
described [19] and the initial actives were defined manually as “hits” 
(those dye-protein pairs that yielded clear Tma values), “sensitive” (those 
dye-pairs that gave a signal, but with complex curve shapes) and “in
actives” (those dye-protein pairs that did not yield a meaningful signal in 
any channel/temperature). Next, the “hit” and “sensitive” pairs were 
re-tested in validation experiments, in which the dye concentration was 
varied (see Methods; Supplemental Data 3). After removing false 
positives, the curves from the resulting “hits” were fit in DSFworld to 
calculate Tma values. Together, we found that the Aurora 2.0 collection 
had a total of 173 dyes (33 %) that were paired with at least one protein. 
Moreover, the results clearly showed how paDSF experiments are 
improved by screening for optimized protein-dye pairs. For example, 
Sypro Orange was only able to identify Tma values for 24 % of the tar
gets, consistent with previous observations [19]. The original Aurora 1.0 
collection performed significantly better, yielding useful dyes for 91 % 
of the targets. This overall hit rate is slightly lower than the previously 
reported one [19], likely because the new 43 test proteins were pur
posefully selected to be enriched for challenging targets. Finally, 
expansion of the dye collection to Aurora 2.0 improved the hit rate to 94 
% (Fig. 3b).

To visually examine the global trends in the matches between dyes 
and proteins, the dyes were clustered by Tanimoto similarity and plotted 
as a function of the protein panel, grouped by approximate function 
(Fig. 3c). Here, we only focus on the results from the 43 new additions to 
the protein panel, but similar trends were seen in the larger set. From 
this analysis, a few observations are clear: (i) no dye works for every 
protein and (ii) each protein tends to work with multiple dyes from 
different chemotypes. Further, some chemotypes (such as the poly
methines) seem slightly enriched in “hits”, while others (such as cou
marins) tend to produce fewer overall “hits” (also see Fig. 2c). However, 
no clear or obvious trends were seen in whether a dye would work for a 
specific protein in paDSF (see below); for example, even closely related 
dyes sometimes produced “hits” and “inactives” for the same protein 
target. This conclusion was further confirmed using Random Forest 
Classification, where active dyes failed to be recognized (specificity =
17.8 %, error = 82.2 %), emphasizing how a dye’s structure alone 
cannot predict its paDSF activity. These findings support and extend the 
conclusions from previous work [19], highlighting the fact that 
pre-screening of a protein target against a diverse collection of dyes is 
currently the best approach to identify suitable pairs for paDSF 
experiments.

To understand if the paDSF experiments were returning meaningful 
results, we compared the calculated Tma values of Sypro Orange- 
compatible proteins to the Tma values calculated with the Aurora 2.0 
library dyes using DSFWorld [4]. A Pearson’s Correlation Test on the 
resulting data revealed a strong positive correlation between these 
values (Correlation = 0.83, p = 0.021, (Supplemental Fig. 4a). Simi
larly, we curated reported Tma values from the literature, largely those 
collected from circular dichroism or DSF experiments, and compared 
them to the values from Aurora 2.0 dye experiments, showing that they 
are moderately correlated (Correlation = 0.74, p = 3 × 10–4, (Supple
mental Fig. 4b). This correlation seems reasonable because the exper
imental conditions between these measurements (i.e., buffer, 
concentration) are not always perfectly matched. Together, this data 
suggests that paDSF experiments produce accurate Tma values, consis
tent with previous conclusions [19].

3.3. Extension of the dye library improves the scope of targets

With this data in-hand, we examined whether the new dyes in Aurora 
2.0 indeed made a significant difference in the performance of paDSF. 
First, dyes in the Aurora 1.0 subcollection had 3-fold higher odds of 
being active (Fisher’s exact test, p = 5.72 × 10⁻⁷, 95 % CI: 2.07–Inf). This 
conclusion is not surprising because the Aurora 1.0 dyes were initially 
curated from the literature as being environmentally sensitive and likely 
to bind proteins. However, among dyes that were active, no significant 
difference was observed in the number of proteins that were good pairs, 
termed the magnitude of the hit percentage (Wilcoxon rank-sum test, p 
= 1.0). Thus, both Aurora 1.0 and the extended library could produce 
high quality dye reagents, with the original collection being a more 
frequent contributor. This conclusion is perhaps best illustrated by 
plotting the hit percentage as a function of the two sub-collections 
(Fig. 4a), where the most frequently active dyes seem to be derived 
from the Aurora 1.0 collection, but the extended library also contributes 
important reagents. For example, we found that dyes in the Aurora 2.0 
extension yielded matches for three difficult proteins: DnaJB8, trypsin 
inhibitor, and myosin heavy chain. More broadly, plotting the dyes that 

Fig. 4. The Aurora 2.0 collection further extends the scope of paDSF. (a) The 
success rates of Aurora 1.0 (purple) and the extended library (green) are shown. 
Hit percentage is defined for each dye as the percentage of the total proteins 
that it paired with. Results are shown as a density plot, box and whisker plot, 
and jittered plot. (b) The PCA plot (see Fig. 2a) re-colored to indicate “hit” dyes 
from Aurora 1.0 (purple) or the extended library (green). Also shown are Sypro 
Orange (orange) and inactive dyes (grey).
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produced at least one “hit” onto the PCA projections confirmed that the 
increased chemical space was important in expanding the scope of 
paDSF (Fig. 4b; green spots). Thus, we conclude that Aurora 2.0 im
proves the overall hit rate (94 %) and produces active dyes for previ
ously inaccessible targets.

3.4. The Features that Determine a Good Dye-Protein Pair are Complex

What features of a dye or protein predict whether they will be a good 
match? One might imagine that chemical features of the protein would 
predict a match and that the large amount of data collected here might 
reveal those trends. To test this idea, we analyzed multiple parameters of 
the target proteins [29], such as percent disorder, helical content, hy
drophobicity, solvent accessible surface areas (SASA), and molecular 
weight, but found no clear trends that would predict the identified dyes 
(Supplemental Fig. 5). Likewise, we found that some dyes worked well 
for structurally disparate proteins, while others did not work well for 
even closely related protein family members (see below). Thus, there 
does not appear to be any immediately recognizable feature(s) of a 
protein or a dye that simply predicts whether they will form a good pair. 
Fortunately, a dye screens can be accomplished rapidly (~2 hrs / pro
tein), so an empirical approach to the discovery of optimal paDSF dye(s) 

for a specific target or application seems acceptable from the perspective 
of time and cost.

3.5. Focused protein set confirms the complexity of predicting dye-protein 
pairs

To further explore the question of whether dyes might have a pref
erence for proteins with similar sequences, we purified a series of highly 
related proteins from the J-domain protein (JDP) family [30,31]. 
Briefly, the JDPs act as molecular chaperones and they all contain a 
highly conserved J-domain, in addition to other, variable domains, such 
as Zinc-finger (ZFs) regions, C-terminal domain (CTDs) and tetra
tricopeptide repeat (TPR) motifs (Fig. 5a). Thus, we hypothesized that, if 
dyes are recognizing shared features of a protein, then we might find 
dyes that would work for all members of this focused set of targets (or at 
least the most closely related ones). To ask this question, we screened 
the JDPs against the Aurora 2.0 collection, revealing a total of 29 “hits”. 
We found that only four of the dyes interacted with three or more pro
teins in the family (Fig. 5b, red lines). Moreover, the chemical structures 
of these four dyes are dissimilar, suggesting that scaffold similarity does 
not drive protein preferences. For example, we found that dye C001 
performed relatively well, allowing accurate Tma value measurements 

Fig. 5. A focused screen of similar proteins supports the complexity of predicting dye-protein pairs. (a) Domain architecture of the JDPs, highlighting their simi
larities and differences. The founding member of the family, DNAJ, from E. coli is shown alongside a subset of the human JDPs. Domains are labelled: J-domain 
(green), zinc finger (yellow), C-terminal domains (CTDs; pink), and TPR domains (orange). (b) Comparison of paDSF activity, with the y-axis a dendogram of dye 
similarity, and the x-axis a dendrogram of protein similarity. Dye-protein pairs are shown as blue, a sensitive dye is marked as light blue, and inactives are blank. Dyes 
that work for three or more proteins are highlighted with a red line. (c) Representative, normalized paDSF curves for a subset of the JDPs, using the dye C001. Results 
show a single experiment that is representative of those performed in independent triplicates.
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for half of the proteins: DnaJ, DnaJA1, DnaJA2, DnaJB4 and DnaJB8b 
(Fig. 5c), but that this same dye did not work well for the closely related 
DnaJB1 (which is 73.9 % identical and 92.8 % similar to DnaJB4). 
Together, these results support the idea that specific protein-dye pairs 
cannot, at this stage, readily be determined by sequence similarity or 
dye structure alone.

3.6. Aurora 2.0 also contains fluoroprobes that bind the native, folded 
state

Recent work by Carroll et al. extended the use of the Aurora 1.0 li
brary beyond paDSF applications [40]. Specifically, they combined the 
Aurora 1.0 collection with a series of structurally distinct amyloid fibril 
polymorphs and asked whether any of the dyes might exhibit increased 
fluorescence for only a subset of the samples [40]. This alternative use of 
the Aurora dyes is quite different from paDSF, as the “hits” must be able 
to bind to the folded protein, rather than to the thermally unfolded state 
(s).

We wondered whether Aurora 2.0 might also include dyes that 
would bind to the folded state of proteins. To search for such dyes, we re- 
analyzed the screen of the 43 test proteins to look for pairs in which the 
initial fluorescence is high. These pairs would have been rejected as 
“inactives” in our initial triage scheme for paDSF experiments, but here 
we wanted to specifically note them. In this selection, we also favored 
dye-protein pairs in which the fluorescence intensity decreases during 
heating, as this behavior might indicate a loss of binding during 
unfolding (Fig. 6a). Satisfying, this analysis revealed many dyes that 
seemed to interact with the folded, native states. Interestingly, the 
extended Aurora 2.0 library was found to be 2.08x more likely to pro
duce a hit than Aurora 1.0 (p = 0.00188, OR = 0.47, 95 % CI: [0.00, 
0.73]; Fisher’s Exact Test), suggesting that some scaffolds are more 
likely to produce this behavior than others. This conclusion was further 
supported by mapping the “folded protein hits” onto the chemical sim
ilarity dendrogram (Fig. 6b), where a subset of the rhodamines from the 
expanded library was found to be enriched. Similarly, plotting the re
sults by protein class and dye collection showed an enrichment for the 
extended library (Fig. 6c). We note that these studies include a control 
without protein to rule out temperature effects on dye fluorescence, such 
that the signal is most likely from direct binding to the target.

Similar to what we observed in the paDSF experiments, we could not 
identify clear patterns in the protein-dye pairs that would allow pre
dictions of an interaction with the folded state. For example, using 
Random Forest Classifications, it was found that active dyes were 
inaccurately classified (specificity = 16.2 %, error = 83.8 %), resulting 
in an OOB error rate of 15.7 %. Thus, it seems difficult to predict 
whether a dye will interact with the folded state based on its chemical 
structure alone. Consistent with this conclusion, we found that there is 
only a moderate Pearson’s correlation between protein disorder and 
whether a dye will interact with a protein (Correlation = − 0.48, p =
0.001), and no other protein feature was found to correlate (Supple
mentary Fig. 6). To explain this modest correlation, we speculate that 
disordered proteins may be less likely to provide stable sites for the dye. 
Despite the lack of clear predictive features, these results support the use 
of Aurora 2.0 dyes as fluoroprobes for the detection of folded proteins.

4. Discussion

DSF has proven to be a useful platform for experiments such as 
measuring protein stability and estimating ligand binding, but its use 
has traditionally been limited to those proteins that are compatible with 
Sypro Orange. To expand the scope of this technology, we introduce 
Aurora 2.0, an expanded dye collection for use in paDSF. Using this 
collection, dyes were identified for 94 % of proteins in our test set of 
>100 diverse proteins. In comparison, Sypro Orange worked for < 30 % 
of proteins (see Fig. 3b). With some exceptions, the molecules in Aurora 
2.0 are commercially available (see Supplemental Data 1) or 

synthesized in a few steps, such that paDSF workflows using this dye pre- 
screening approach should be accessible in many settings.

One use of paDSF is to identify chemical inhibitors and it has been 
reported that having multiple dyes for each protein target is a benefit 
during this type of workflow. For example, when a ligand or inhibitor is 
found to be incompatible with one dye (e.g., insolubility, spectral 
overlap, shared binding site with a ligand, etc.), that dye can be swapped 
out for another chemotype [32]. Thus, one benefit of the expanded 
Aurora 2.0 collection is that it is also likely to provide useful secondary 
dyes, even for proteins that already have a good pair in the Aurora 1.0 
collection.

In these studies, we hoped to uncover the features that dictate 
protein-dye pairs, such that we might predict whether a specific protein 
would be a good target for paDSF. However, when we attempted to 
correlate hit rate with protein features, such as molecular mass, hy
drophobicity, helical content or percent disorder, we failed to identify 
any meaningful trends (see Supplementary Fig. 5). Thus, it remains 
challenging to predict whether a protein will be a good target, or de novo 
match a dye to a given protein. Rather, we posit that an empirical 
approach might be the best course of action at present. This conclusion is 
illustrated by our focused screen of the JDPs, which despite their close 
sequence relationships, were found to work with a diverse set of dyes 
(see Fig. 5b). We speculate that the challenge in predicting dye-protein 
pairs might arise from the fact that the dye interaction occurs within a 
globular, unfolded state of the protein, which is poorly characterized or 
modelled.

Finally, we speculate that the dyes of Aurora 2.0 could potentially be 
used for purposes outside of paDSF. Here, we note that a subset of dyes 
binds to the folded, native state of proteins (see Fig. 6c), such that they 
might be used as fluoroprobes to detect these targets. Such “turn-on” 
dyes may be useful in contexts such as imaging or histopathology, where 
precise labeling is desired. Indeed, many research groups are pursuing 
fluorescent molecules that can be used to track protein position and/or 
conformation [33–39]. We reason that the physicochemical properties 
that drive dye activity in paDSF could be leveraged towards these types 
of applications, such that Aurora 2.0 could be a rich source of potential 
fluoroprobes.
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Fig. 6. The Aurora 2.0 collection can be used to identify fluoroprobes that bind to the folded, native state. (a) Illustration of the expected behavior of a “hit” that 
binds the folded state. The dye-protein pair has high initial fluorescence, which decreases as the protein thermally unfolds. (b) The distribution of the “hits” that bind 
to the folded state (e.g., have high initial fluorescence) for each dye separated by library: Aurora 1.0 (purple) and extended library (green), shown by a density plot, a 
box and whisker plot, and a jittered plot. (c) The chemical similarity tree (from Fig. 3) re-labelled to indicate the percentage of proteins bound by each dye in the 
folded state. The chemical structures of some of the best performing dyes are shown. (d) A heat map of the results, separated by Aurora 1 (purple) and the expanded 
library (green). Representative DSF curves are shown for a “hit”, an “inactive” and a “sensitive”.
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