
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

2.
11

.2
5 

05
:0

0:
00

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Quantitative inte
aCAS Key Laboratory of Separation Science fo

Chemical Physics, Chinese Academy of Scien

China. E-mail: liuyu@dicp.ac.cn; wanwang@
bUniversity of Chinese Academy of Sciences,
cThe Second Hospital of Dalian Medical U

116044, China

† Electronic supplementary information
experimental method section, syntheti
spectra. See DOI: 10.1039/d1sc01122g

Cite this: Chem. Sci., 2021, 12, 8468

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 25th February 2021
Accepted 19th May 2021

DOI: 10.1039/d1sc01122g

rsc.li/chemical-science

8468 | Chem. Sci., 2021, 12, 8468–84
rrogation of protein co-
aggregation using multi-color fluorogenic protein
aggregation sensors†

Yulong Bai,ab Wang Wan,*a Yanan Huang,a Wenhan Jin,a Haochen Lyu,a

Qiuxuan Xia,ab Xuepeng Dong,c Zhenming Gaoc and Yu Liu *a

Co-aggregation of multiple pathogenic proteins is common in neurodegenerative diseases but

deconvolution of such biochemical process is challenging. Herein, we developed a dual-color

fluorogenic thermal shift assay to simultaneously report on the aggregation of two different proteins and

quantitatively study their thermodynamic stability during co-aggregation. Expansion of spectral coverage

was first achieved by developing multi-color fluorogenic protein aggregation sensors. Orthogonal

detection was enabled by conjugating sensors of minimal fluorescence crosstalk to two different

proteins via sortase-tag technology. Using this assay, we quantified shifts in melting temperatures in

a heterozygous model protein system, revealing that the thermodynamic stability of wild-type proteins

was significantly compromised by the mutant ones but not vice versa. We also examined how small

molecule ligands selectively and differentially interfere with such interplay. Finally, we demonstrated

these sensors are suited to visualize how different proteins exert influence on each other upon their co-

aggregation in live cells.
Introduction

Nascent polypeptides fold into dened structures to acquire
their biological functions.1 Though the folding processes of
most proteins are naturally evolved to be energetically favour-
able, the thermodynamic and kinetic stabilities of a protein are
frequently compromised by cellular stresses, genetic mutations,
and exogenous chemical modications.2 Decreased protein
stability leads to its misfolding, aggregation, and degradation.
Numerous human diseases have been associated with aberrant
protein aggregation, including Alzheimer's disease, Parkinson's
disease, amyotrophic lateral sclerosis, and familiar amyloid-
osis.3–5 Multiple lines of biological and pathological evidence
have conrmed the co-aggregation behaviours of different
pathogenic proteins, such as amyloid b and Tau in Alzheimer's
disease.6–9 Depicting the co-aggregation process is essential to
delineate the disease mechanism and identify authentic drug
target. However, it has always been a technical challenge to
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monitor different proteins' aggregation during the co-
aggregation process.

Much light has been shed on developing sensors and
analytical methods to study protein aggregation both in vitro
and in vivo.10,11 Fluorescence based methods have been widely
explored due to their general applicability, exibility, and
robustness. Organic environment-sensitive dyes, including
solvatochromic uorophores,12,13 uorescent molecular
rotors,14–16 and aggregation induced emission (AIEgen)
probes,17–19 can sense the micro-environmental changes upon
protein aggregation. These sensors are exemplied by Thio-
avin T,20 carbazoles,21 polythiophenes,22 and BODIPY.23 In
particular, AIEgens developed by Tang,17,18 Zhu,19 Hong24,25 et al.
report on amyloid aggregates or unfolded proteins. Materials
based reagents, like luminescent polymers, nanoparticles, or
quantum dots, broadened the chemical space for amyloid
sensors.26 Meade,27 Mirica28 and Marti29 et al. lled in the gap of
organic sensors and inorganic materials by using organome-
tallic complexes to probe amyloid proteins. To further resolve
the misfolded and aggregated ensembles, single molecule
uorescence based assay was developed by Deniz et al. to
directly detect conformational subpopulations and their
dynamics.30–32 In addition, mass spectrometry based methods
developed by Englander33–36 and Robinson37–40 provided mech-
anistic insights at residual resolution.

However, most of the protein aggregation detection methods
abovementioned are limited to single protein investigation and
hardly resolve the co-aggregation process of different proteins.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Towards this end, series of conventional bioanalytical methods
have been exploited to capture snapshots of this process, such
as co-immunoprecipitation, chromatography, and differential
centrifugation. Biosensors enabled cell imaging techniques
(uorescence resonance energy transfer (FRET) or uorescence
correlation spectroscopy (FCS)) extended the study into cellular
mileu.41,42 Towards intact and quantitative interrogation of
protein co-aggregation process, Radford et al. pioneered in
developing advanced mass spectrometry methods and provided
unprecedented resolution in detecting the interplay of co-
aggregation kinetics.6

While most of the previous works focused on aggregation
kinetics, we aimed to quantitatively study the interplay of the
thermodynamic stability between different proteins during
their co-aggregation process. Thermal shi assay is widely
utilized in the pharmaceutical industry to evaluate protein
thermodynamic stability and its change upon ligand binding
due to its facile uorescence readout, quantitative result, and
high throughput nature.43–46 In particular, cellular thermal shi
assay combined with proteomics has demonstrated its power in
cellular drug-target engagement studies.47,48 However, current
assay relies on a solvatochromic uorophore SYPRO®
orange49–51 or a uorescent molecular rotor PROTEOSTAT®52–54

that reports on protein unfolding and aggregation (Fig. 1a), thus
only suitable for single-protein analysis.

Herein, we created a dual-color thermal shi assay (TSA) that
orthogonally and quantitatively monitors two different proteins'
co-aggregation process (Fig. 1b). Petersson et al. exemplied
bioorthogonal conjugation of a sensor to the protein target
allowed for selective detection of protein conformational
changes.55–57 Zhang et al. introduced chemical tag strategy to the
eld, enabling visualization of aggregation process of a specic
protein-of-interest in live cells.58–62 Inspired by these seminal
works, through sortase mediated site specic bio-conjugation,
we rst demonstrated four environment-sensitive uo-
rophores with spectral coverage from 500 nm to 620 nm can
Fig. 1 Dual-color thermal shift assay simultaneously detects the co-
aggregation of two proteins and quantify the changes in the ther-
modynamic stability, revealing their interplay. (a) Current thermal shift
assay utilizes SYPRO® orange probe to detect single-protein aggre-
gation via one-color fluorescence readout. (b) In this work, a dual-
color thermal shift assay was developed to monitor dual-protein co-
aggregation simultaneously via two orthogonal fluorescence read-
outs. Protein aggregation sensors were conjugated to the protein-of-
interest via sortase-tag.

© 2021 The Author(s). Published by the Royal Society of Chemistry
serve as protein aggregation sensors. Two of these sensors
(CCVJ and Mero) exhibited minimal uorescence crosstalk and
detected the co-aggregation of two different proteins. Unlike
other aggregation sensors only reporting on the late-stage
species, our sensors detected early misfolded soluble oligo-
mers. In contrast to the single-color thermal shi assay, our
method revealed how mutant proteins of destabilized thermo-
dynamic stability compromise the wild type ones during the co-
aggregation process in a heterozygous system but not vice versa.
Small molecule ligands exerted differential and selective inu-
ences on different proteins during their co-aggregation. Finally,
we extended our study to the cellular milieu to detect protein co-
aggregation in live cells.

Results and discussion
Environment-sensitive uorophores serve as protein
aggregation sensor

The key to simultaneously monitor the aggregation of different
proteins using our proposed multi-color thermal shi assay
(Fig. 1b) is the orthogonal uorescence signal readouts with
minimal crosstalk. Such crosstalk usually arises from uores-
cence resonance energy transfer (FRET) due to spectral overlaps
and spatial proximity aer aggregation. To minimize the FRET
effect, we rst expanded the spectral coverage of uorogenic
sensors to detect protein aggregation. Protein phase separation
that involves protein unfolding, misfolding, and aggregation
oen accompanies with changes in the polarity and viscosity of
local micro-environment.25 Thus, uorophores of polarity or
viscosity sensitivity are potential candidates as protein aggre-
gation sensors. Four environment-sensitive uorophores were
selected based on their environment-sensitive uorogenicity
reported in literatures (Fig. 2a), including CCVJ63 (Fig. S1,†
a uorescent molecular rotor sensitive to viscosity), DCDHF64,65

(Fig. S2,† a uorescent molecular rotor sensitive to viscosity),
RFP59,66,67 (Fig. S3,† a uorescent molecular rotor sensitive to
viscosity), and Mero68–70 (Fig. S4,† both a solvatochromic dye
that is sensitive to polarity and a rotor that is sensitive to
viscosity).

Via sortase enzymemediated site-specic bioconjugation71–74

to the model protein dihydrofolate reductase (DHFR, Fig. 2b, S5
experimental details and S6 mass spectrometry for labeling
efficiency†), we demonstrated all four uorophores can report
on protein aggregation with satisfactory uorescence enhance-
ment upon protein aggregation (Fig. 2c, CCVJ 10.9-fold, DCDHF
4.9-fold, RFP 7.8-fold, Mero 11.6-fold uorescence enhance-
ment). Biochemical fractionation and uorescence imaging
experiments showed that the insoluble aggregated proteins
were uorescent (Fig. 2d). Detection limits and linear range
measurements demonstrated that our method is quantitative
and sensitive using labeled proteins from 0.0625% to 2% in
substoichiometry (Fig. 2e and S7†).

We next evaluated whether combining uorophore-labeled
DHFR proteins will lead to FRET signal upon aggregation.
Spectral analyses in solvent systems ruled out CCVJ–DCDHF
and CCVJ–RFP pairs due to the signicant spectral overlaps
(Fig. S8†). Though Mero partially overlaps with the tail of CCVJ
Chem. Sci., 2021, 12, 8468–8476 | 8469
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Fig. 3 Fluorescence of the protein aggregation sensors CCVJ and
Mero arises from misfolded oligomers and retains in the insoluble
aggregates. (a) Scheme of protein aggregation process. (b) Unfolded
CCVJ-labelled DHFR was not fluorescent. DHFR (50 mM, 2% labelled
with CCVJ) was unfolded by incubating in 6 M urea for 12 h. (c) Both
CCVJ and Mero fluorescence from the aggregation of DHFR occur
earlier than the formation of insoluble DHFR measured by the turbidity
assay using OD330. DHFR (50 mM, 2% labelled, pH ¼ 6.23). (d) Both
CCVJ and Mero fluorescence were triggered by the misfolding of
DHFR in the absence of insoluble DHFR. Misfolding of DHFR was
induced by heating DHFR in pH neural buffer (pH¼ 7.40). (e) Chemical
crosslinking showed the presence of misfolded oligomers.

Fig. 2 A palette of environment-sensitive fluorophores reports on
protein aggregation in substoichiometry. (a) Structures of protein
aggregation sensors ready for bioconjugation to a protein-of-interest
via sortase-mediated protein ligation; (b) scheme of sortase-mediated
bioorthogonal conjugation of sensors to a protein-of-interest; (c)
fluorescence emission spectra before and after heat induced DHFR
aggregation. DHFR (50 mM, 2% labelled with sensors) was heated to
61 �C for 5min; (d) sensors were fluorescent in the insoluble fraction of
DHFR, revealed by SDS–PAGE gels and microscopic images of insol-
uble aggregates. (e) Stoichiometry, linear range, and lowest detection
limits of CCVJ-labelled DHFR in detecting DHFR aggregation. (f)
Decreasing labelled DHFR ratio minimized FRET efficiency. (g) Quan-
titative analysis of FRET efficiency. Blue bar: CCVJ fluorescence; Red
bar: Mero fluorescence excited by CCVJ's emission. Aggregated
mixture containing CCVJ- and Mero-labelled DHFR was excited at
460 nm.
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emission spectrum, it exhibitedminimal FRET effect with CCVJ,
especially when Mero-labeled DHFR was in substoichiometry
(Fig. 2f, g). Thus, CCVJ and Mero can serve as an orthogonal
sensor pair to monitor dual-protein co-aggregation process.
Together we showed that environment-sensitive uorophores of
expanded spectral coverage enabled multi-color detection of
different proteins' aggregation with minimal uorescence
cross-talk.
The uorescence arises from misfolded oligomers

Though the insoluble protein aggregates retained the uores-
cence (Fig. 2d), the uorescence of these sensors may arise from
the early aggregation precursors: unfolded proteins or
8470 | Chem. Sci., 2021, 12, 8468–8476
misfolded soluble oligomers (Fig. 3a). We next performed series
of biochemical and biophysical experiments to dissect the
origin of their uorescence in detecting protein aggregation.

First, urea mediated unfolding of the DHFR-CCVJ and
DHFR-Mero conjugates resulted in no uorescence (Fig. 3b and
S9†), showing that the uorescence is not caused by unfolded
proteins. Second, we used turbidity assay measured by UV-Vis
spectroscopy (OD330 nm) to detect the presence of insoluble
DHFR aggregates induced by heating the samples at indicated
temperatures. The uorescence signals of both CCVJ and Mero
occurred at lower temperatures than the OD330 signal
measuring the formation of insoluble DHFR proteins (Fig. 3c).
This result suggested that the uorescence of CCVJ and Mero
may arise earlier than the formation of insoluble aggregates.
Further, we found that DHFR formed no insoluble aggregates at
pH 7.40 upon heating (Fig. 3d, black curve) while uorescence
was turned on (Fig. 3f, red and blue curves). In addition, we
sequestered misfolded soluble oligomers of DHFR under this
condition using chemical crosslinking experiment (Fig. 3e). In
particular, the uorescence intensity from misfolded oligomers
was comparable to that in aggregated DHFR (Fig. S10†).
Collectively, we conrmed that both CCVJ and Mero uores-
cence were initially triggered by the formation of misfolded
soluble oligomers and retained in insoluble aggregates. Unlike
other amyloid sensors that reports on late-stage aggregated
species, our sensors developed herein detected early misfolded
soluble oligomers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dual-color thermal shift assay to quantify the interplay of ther-
modynamic stability during protein co-aggregation. (a) Experiment
scheme. (b and c) pH dependent thermodynamic stability of WT-DHFR
and Mut-DHFR quantified by our assay. (d) Dual-color thermal shift
assay to monitor protein co-aggregation of WT-DHFR and Mut-DHFR
and quantify the interplay of thermodynamic stability. (e) Experiment
scheme of SYPRO® and PROTEOSTAT® single color thermal shift
assay. (f) Commercial SYPRO® thermal shift assay does not resolve two
proteins' co-aggregation. (g) Commercial PROTEOSTAT® thermal shift
assay does not resolve two proteins' co-aggregation. (h) Spectral
overlaps between SYPRO® and PROTEOSTAT® prevent them from
being used together. (i) Combined utilization of SYPRO® and
PROTEOSTAT® cannot resolve the co-aggregation process of two
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Dual-color thermal shi assay to quantify the interplay of
thermodynamic stability during protein co-aggregation

Before using CCVJ andMero in the dual-color mode (Fig. 4a), we
rst tested whether they can report on protein aggregation and
quantitatively measure the melting temperature (Tm) in the
single-color mode. Using DHFR protein as a model system, we
quantied the melting temperatures (Tm)51 of wild-type (WT,
Fig. 4b) DHFR and mutant (Mut, M42T:H114R, Fig. 4c)75 DHFR
protein at different pHs. We observed compromised thermo-
dynamic stability of DHFR caused by point mutations (Tm¼ 325
K for WT-DHFR and 310 K for Mut-DHFR) and increased acidity
of the buffer. Importantly, swapping CCVJ and Mero for bio-
conjugation yielded similar melting temperatures in all cases,
demonstrating the robustness of this assay in quantitative
analysis (Fig. S11 and S12†).

Heterozygous mixture of both wild-type and mutant
proteins widely exists in nature especially in numerous
hereditary human diseases. In this regard, we combined CCVJ
and Mero into a dual-color thermal shi assay to investigate
how WT-DHFR and Mut-DHFR mutually inuence each other
during their co-aggregation process. Our dual-color thermal
shi assay allowed us to simultaneously monitor the mis-
folding and aggregation of both WT- and Mut-DHFR proteins
(Fig. 4d) and quantify their Tm values that describe the ther-
modynamic stability. We observed exaggerated aggregation of
WT-DHFR (Fig. 4d, red dash line) in the presence of aggre-
gated Mut-DHFR (Fig. 4d, blue dash line), which can be
possibly explained by the “seeding effect” of protein aggre-
gation. Such interplay resulted in compromised thermody-
namic stability of WT-DHFR (�5.59 K) and marginal rescue of
Mut-DHFR stability (0.91 K). Control experiment demon-
strated the uorescence turn-on of Mut-DHFR-Mero requires
both the self-aggregation of Mut-DHFR-Mero and the co-
aggregation of surrounding unlabeled proteins (Fig. S13 and
S14†).

To demonstrate the technical advantages of our assay, we
included the commercial single-color thermal shi assay using
SYPRO® orange dye and PROTEOSTAT® dye in parallel control
experiments. Both dyes detect protein misfolding and aggre-
gation by non-covalently binding to any aggregated proteins
without protein selectivity (Fig. 4e). Such mechanism-of-action
differs from our bioorthogonal covalent conjugation of sensor
and thus prevents them from being used to resolve the ther-
modynamic proles of different proteins. Both dyes provided
a biased thermal shi curve in detecting protein co-aggregation
of WT-DHFR and mut-DHFR (Fig. 4f and g, black curves).
However, these commercial methods provided similar Tm
values in the single pure protein mode as in our assay (Fig. 4d
vs. f and g, solid red and blue curves), validating the robustness
of our method. Moreover, the overlapped uorescence spectra
of both dyes (Fig. 4h) further impedes their applications in
detecting protein co-aggregations due to the lack of signal
orthogonality. Finally, combined addition of both dyes failed to
resolve protein co-aggregation (Fig. 4i). These results clearly
showed the advantages of our assay in comparison to the
commercial single-color thermal shi assay.
different proteins due to the lack of signal orthogonality.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 8468–8476 | 8471

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01122g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

2.
11

.2
5 

05
:0

0:
00

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The complexity of protein co-aggregation in transthyretin
amyloidosis

Transthyretin (TTR) is a homo-tetrameric protein in human
blood plasma whose pathogenic mutations lead to hereditary
amyloidosis, such as familiar polyneuropathy and senile
cardiomyopathy. Intriguingly, multiple lines of clinical evidence
have demonstrated the co-aggregation or co-deposition of
pathogenic TTR amyloids and other amyloidogenic proteins,
such as light chain, apolipoprotein A-IV, and serum amyloid A
proteins (Fig. 5a).76–82 These pathological results lead to
a biochemical question: what is the individual function of these
co-aggregated proteins? To partially examine this question and
demonstrate the application of our dual-color thermal shi
assay in clinical scenarios, we selected transthyretin (TTR) and
apolipoprotein A–IV (APOA4) as a pair of model proteins based
on the clinical diagnosis results.83,84 We recombinantly
prepared TTR and APOA4 proteins, characterized their struc-
tural features and labeled them with CCVJ and Mero uo-
rophores (Fig. S15†). We aimed to show how APOA4 protein
inuences the aggregation of TTR in a co-aggregation experi-
ment (Fig. 5b). We found that the presence of aggregated APOA4
protein can slightly stabilized TTR mutant and inhibit its
aggregation (Fig. 5c), suggesting its role as a pathological
chaperone (Fig. S15e and S16†). This observation echoes the
effect of apolipoprotein E in Alzheimer's disease widely re-
ported in literature and may deserve further biochemical
analysis.85–88

Oligomeric proteins that involve subunit exchange between
wild-type and mutant proteins in a heterozygous mixture pose
Fig. 5 The complexity of protein co-aggregation in transthyretin
amyloidosis. (a) Clinical and literature reported co-deposited proteins
in cardiac amyloidosis. (b) Experimental scheme of TTR and APOA4
protein co-aggregation. (c) Aggregated APOA4 slightly stabilized TTR
(L55P) mutant and inhibited its aggregation. (d) Subunit exchange of
WT-TTR and TTR (L55P) mutant. (e) Dual-color thermal shift assay to
monitor protein co-aggregation of tetrameric WT-TTR and Mut-TTR
proteins with subunit exchange and quantify the interplay in thermo-
dynamic stability.

8472 | Chem. Sci., 2021, 12, 8468–8476
further technical challenge to study the co-aggregation process
and the interplay in the thermodynamic stability. In particular,
patients carrying pathogenic TTR mutations are oen hetero-
zygous. Using TTR as a model system, we investigated how the
thermodynamic stabilities of heterozygous mixture aer
subunit exchange uctuated during heat induced co-
aggregation (Fig. 5d and e). Similar with the monomeric
DHFR scenario, WT-TTR was destabilized thermodynamically
in the presence of Mut-TTR (�3.52 K) but Mut-TTR (L55P) was
slightly rescued by WT-TTR (1.17 K) during co-aggregation. This
observation deviates from the fact that TTR's kinetic stability
can be signicantly enhanced by subunit exchange with a stable
mutant as TTR aggregation is kinetically controlled by the rate-
limiting tetramer dissociation step. The TTR results highlighted
the difference in protein thermodynamic and kinetic stability.
To further study the impact of small molecule ligands on the
thermodynamic stability during protein co-aggregation process,
we utilized the recently FDA-approved kinetic stabilizer Tafa-
midis89 (Fig. S17†). We observed marginal thermodynamic
stabilization effect by Tafamidis at substoichiometric concen-
tration, and signicant stabilization of both WT- and Mut-TTR
at stoichiometric concentration. This observation can be
explained by the fact that Tafamidis as a kinetic stabilizer
controls the tetramer dissociation step and only takes
secondary effect on the thermodynamic stability of monomeric
TTR aer dissociation. In this case, our results highlighted the
signicance of distinguishing whether the stabilizing effect of
a ligand is driven by the kinetic or thermodynamic factors of the
target proteins.

Overall, these results together demonstrated the assay
developed herein can provide biochemical evidence to partially
support and explain the complex clinical observations.
Dual-color thermal shi assay to evaluate drug stabilization
effect on protein co-aggregation

Thermal shi assay provides quantitative analysis of shis in
protein thermodynamic stability upon binding to ligands. In
this work, we further evaluated how small molecule ligands
interfere with protein co-aggregation process via our dual-color
thermal shi assay (Fig. 6a).

First, in the single-color mode, we demonstrated our assay is
capable of quantifying the dose-dependent stabilization of
DHFR by its known inhibitor trimethoprim (TMP, Fig. 6b).
Second, we examined how TMP differentially stabilizes WT-
DHFR and Mut-DHFR, namely the partition of ligands in this
heterozygous model system. We observed that at sub-
stoichiometric concentration, TMP stabilized both WT- and
Mut-DHFR to the similar extent (Fig. 6c, 9.47 K for WT, 9.29 K
for Mut). However, when the ligand was in excess, TMP can
stabilize Mut-DHFR to a larger extent than WT-DHFR (Fig. 6d,
13.50 K for Mut, 11.44 K for WT). However, in both scenarios,
Mut-DHFR cannot be stabilized to the same stability as WT-
DHFR when they were both stabilized by TMP. Again, such
observation was not possible using the current single-color
thermal shi assay by the SYPRO® orange dye (Fig. 6e).
Finally, we evaluated how a ligand selectively engages into two
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Visualization of protein co-aggregation in live cells. (a) Experi-
ment scheme and potential outcomes. (b) Structures of Mero-Halo
and CCVJ-SNAP probes. (c) CCVJ detected the aggregation of Htt-
97Q-SNAP protein in live cells. (d) Mero detected the aggregation of
SOD1(G85R)-Halo upon inhibition of proteosome by MG132. (e) Htt-
97Q-SNAP co-aggregated with SOD1(G85R)-Halo even without
MG132 inhibition. Green: CCVJ fluorescence, 488 nm channel. Red:
Mero fluorescence, 543 nm channel.

Fig. 6 Ligand effect on the protein co-aggregation process and
thermodynamic stability. (a) Experiment scheme. (b) Dose dependent
stabilization of Mut-DHFR by TMP using our assay in the single-color
mode. (c and d) Dual-color mode revealed differential ligand stabi-
lizing effect on the co-aggregation of WT- and Mut-DHFR in sub or
excess stoichiometry. (e) Commercial single-color thermal shift assay
is not capable of studying co-aggregation system. (f and g) Selective
stabilizing effect of different drug ligands on the co-aggregation of
hDHFR and EcDHFR.
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homologous proteins from different organisms. Using human
DHFR (hDHFR) and the abovementioned E. coli DHFR
(EcDHFR) as a model system, we found that TMP as an antibi-
otic drug is extremely selective to EcDHFR (Fig. 6f), whereas
pemetrexed as a chemotherapy reagent partitioned into hDHFR
more than EcDHFR (Fig. 6g).
The interplay during protein co-aggregation in live cells

Finally, we extended our study into the complex cellular milieu
to demonstrate these sensors are compatible with cellular
applications. Sortase mediated protein ligation we used in this
work is not compatible with cellular environment. Using the
reported AggTag method, we approached to SNAP-Tag and
Halo-Tag technologies for the bioorthogonal conjugation of
CCVJ and Mero sensors towards two different POIs (Fig. 7a and
b).57 We rst demonstrated these two sensors can selectively
detect single protein aggregation in live cells. In HEK293T
© 2021 The Author(s). Published by the Royal Society of Chemistry
cells transiently expressing Htt-97Q-SNAP whose aggregation
leads to Huntington's disease,90,91 CCVJ-SNAP probe detected
perinuclear puncta (Fig. 7c, 488 nm channel). In addition,
proteasome inhibitor MG132 induced protein degradation
attenuation resulted in the accumulation of SOD1 (G85R)
-Halo aggregates in the cell,92 which was visualized by Mero-
Halo probe (Fig. 7d, 543 nm channel). Interestingly, with
sufficient degradation capacity, even mutant SOD1 can be
degraded properly and did not accumulate in its aggregated
state (Fig. 7d, upper panel). However, dual-color imaging
experiment revealed that co-expression of Htt-97Q-SNAP
together with SOD1 (G85R) -Halo proteins in HEK293T cells
caused co-aggregation of both SOD1 (G85R) and Htt-97Q
proteins in the perinuclear region of the cell (Fig. 7e). These
results indicated that the aggregation of Htt-97Q may saturate
the cellular degradation capacity and intoxicate the degrada-
tion of SOD1 (G85R) mutant, leading to the co-aggregation of
both proteins. Different from the buffer environment, protein
co-aggregation may inuence each other by sharing the same
protein quality control machineries and pathways. Together,
these results demonstrated that the multi-color protein
aggregation sensors developed here not only quantify changes
in thermodynamic stability in buffer (Fig. 4 and 6) but also
detect protein co-aggregation in live cells (Fig. 7).
Chem. Sci., 2021, 12, 8468–8476 | 8473
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Conclusions

In summary, we have demonstrated how to repurpose
environment-sensitive uorophores to detect two proteins'
aggregation via bioorthogonal labeling. Our dual-color thermal
shi assay developed in this work allowed for orthogonal and
quantitative study of protein co-aggregation process, which was
impossible if using the commercial single-color thermal shi
assay. Different from all previous kinetics studies, our work
provided the rst quantitative analysis on the thermodynamic
interplay during protein co-aggregation. Future color enrich-
ment of the sensor toolbox by developing novel protein aggre-
gation sensors from solvatochromic uorophores, uorescent
molecular rotors, and AIEgens may improve the detection
multiplexity for more complex disease model systems, such as
amyotrophic lateral sclerosis disease.93–95
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