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Commercial PROTEOSTAT aggresome detection kit is not compatile
with live-cell applications. Here, we report a rapid covalent
fluorescent tracer to visualize aggresomes in stressed live cells
without cell fixation.

Well-defined 3-dimensional conformation of proteins is
essential to acquire their proper physiological functions. The
fidelity of protein folding is governed by proteostasis network
in cells, which regulates the integrity of proteome from protein
expression to degradation®. Proteostasis, however, tends to be
disrupted by either endogenous or external stressors, leading to
aberrant protein misfolding and aggregation. Proteome
aggregation underlies the etiology of numerous protein
conformational diseases, particularly for neurodegenerative
diseases. Intracellular proteome aggregation (i.e. aggresomes)
and extracellular amyloid deposition (i.e. amyloid plaques) are
common pathological hallmarks for these diseases? 3.

Much light has been shed on the detection of protein
aggregation by fluorescent sensors. Towards extracellular
amyloid deposition, amyloid proteins were visualized by various
types of sensors, including derivatives of BODIPYs* >,
curcumins®, aggregation induced emission (AIE) probes’ 8,
metal coordinates® 19, fluorescent protein fluorophores!?, etc.
In cellular milieu, the only commercially available PROTEOSTAT
aggresome detection kit requires cell permeabilization and
fixation prior to imaging aggresomes that consist of
misassembled intracellular aggregated proteome!2. Given
cellular complexity, fluorescent tracers to detect aggresomes in
live stressed cells are limited. 13-15, (Fig. 1a).
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Fig. 1 Fluorescent tracers to detect cellular aggresomes in cells. (a)
Non-covalent PROTEOSTAT kit requires cell fixation. (b)This work
reported a rapid covalent chemical probe to track proteome
aggregation in live cells via Michael addition with tuneable labelling
kinetics.

The abovementioned protein aggregation sensors are
designed based on non-covalent binding mechanism to sense
the low-polarity and high-viscosity microenvironments inside
protein aggregates. On the other hand, covalent tracers of
misfolded and aggregated proteome are developed by taking
advantage of exposed and activated nucleophiles upon protein
aggregation'®. Hong and Ohe et al. groups developed
fluorescent covalent tracers to label exposed thiol groups
during unfolded protein responses!’-1°. Though these covalent
tracers of unfolded proteome offer stable fluorescent signal for
imaging applications, covalent tracers for cellular aggresomes
with rapid labelling kinetics has not yet been reported.

Herein, we introduced a Michael addition based covalent
fluorescent tracer to rapidly label and stably image cellular
aggresomes in live stressed cells (Fig. 1b). The rapid covalent
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Fig. 2 Tuning the labelling kinetics of covalent protein
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aggregation sensors by modulating the reactivity of Michael
acceptor. (a) Mechanism-of-action to detect aggregated
proteins by fluorescent covalent sensor. (b) Structure
modulation to regulate reactivity of Michael acceptors. (c) The
change of emission spectra of P1-P8 upon DHFR aggregation. (d)
Photograph of aggregated DHFR incubated with P1-P8. P1-P7
but not P8 color-switched from red to cyan upon heat-induced
DHFR aggregation. (e) Electrophoresis gel confirmed covalent
conjugation of probes with aggregated DHFR. (f) Rel. FL maximal
emission intensity of P1-P8 in aggregates. (g) The labelling
kinetics of P1-P8 with aggregated DHFR. (h) Apparent labelling
rates were fitted by pseudo 1%t order kinetics.

tracer may become useful to develop covalent proximity
induced degradation drugs (ATTEC) to ameliorate proteome
stresses. We embarked on designing such probe based on the
fluorescent protein chromophore, a core scaffold reported to
inherently bind to aggregated proteins (Fig. 2a)3. To accelerate
the labelling kinetics, we rationally tuned the chemical
reactivity of the Michael acceptors, resulting P1 to P8 probes
(Fig. 2b). As expected, all probes remained fluorescently dark

2| J. Name., 2012, 00, 1-3

with folded proteins (Fig. 2c. dash lines) buy.furned.on
fluorescence upon binding and reactg Wit/ Bseréaidd
proteins (Fig. 2c, solid lines, Fig. S3). Notably, P8 with steric
hindrance showed exclusively red fluorescence with emission
maximum at 605 nm, well aligned with the parent FP
chromophore in viscous solvent (S7), indicating negligible
covalent reactivity of P8 towards aggregated proteins due to
steric issue. In contrast, P1 to P7 all shifted their fluorescent
emission from the red region to cyan/green region (A, from
500 nm to 530 nm), suggesting that the conjugation breaks
upon Michael addition to aggregated proteins (Fig. 2c, 2d). It
was noteworthy that extremely strong electron withdrawing
moieties may intensively quenched fluorescence after
conjugation (Fig. $9-S10). The covalency upon conjugating to
aggregated proteins was eventually evidenced by fluorescent
SDS-page gel (Fig. 2e).

Next, we asked whether these Michael acceptors of
different electron densities can enhance the labelling kinetics,
resulting in a rapid covalent tracer for protein aggregates. We
took advantage of green fluorescence emission to monitor
covalent conjugation reaction between probes and protein
aggregates (Fig. 2f). To compare the reactivity of these probes
in protein aggregates, the labelling kinetics was quantified (WT-
DHFR: 100 uM; probes: 10 uM; Fig. 2e). The apparent reaction
rates of Michael addition were obtained by fitting against
pseudo first order kinetics, showing that chemical modulation
of carbonyl substitution effectively tuned the labelling kinetics
(Fig. 2h). Specifically, the aryl ketones (P1-P2) were more rapid
in labelling aggregated protein compared to a, B-unsaturated
carboxylic ester/acid (P3-P7). As expected, P8 of steric
hindrance showed no covalent reactivity. Among all probes, P1
offered the fastest labelling kinetics with half-life (t;;) at 2.5
min. By tuning the structures of Michael acceptors, we
successfully accelerated the labelling kinetics from 0.036 s for
P7 up to 0.457 s for P1. However, the fact that P1 with an
electron-rich Michael acceptor offers the fastest labelling
kinetics is contradictory to our expectation, possibly because
the additional benzene ring (P1 and P2) may contribute to
better binding to aggregated proteins (i.e. faster kqp).

We further investigated the labelling mechanism of P1,
the fastest probe shown in Fig.2. First, we demonstrated that
the origin of green fluorescence was caused by protein
aggregation. By fractionation experiment, the fluorescence
signal was nearly all from the insoluble fraction, but not from
the soluble fraction. The Coomassie bright blue (CBB),
fluorescence gels and photograph under 365 nm UV-light
together echoed this conclusion (Fig. 3b). These results
confirmed that P1 fully converted to green fluorescence upon
Next, we ensured the
labelling and the consequent color-shifting from red to green

conjugating to aggregated proteins.

was caused by conjugating to a nucleophile via nucleophilic 1,4-
addition on P1. We selected protected cysteine and ethylamine
to mimic cysteine and lysine nucleophilic residues in aggregated
proteins, respectively. The P1 probe effectively reacted with
model substrates, and the corresponding adducts were verified

This journal is © The Royal Society of Chemistry 20xx
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via high resolution mass spectrometry (Fig. 3c). Similar to the
Fig. 3 P1 turned on green fluorescence upon protein
aggregation. (a) The structure of P1 probe, the most rapid tracer
for covalent labelling of aggregated proteins. (b) Fractionation
experiment indicated the fluorescence emission of P1 mainly
from conjugating to insoluble aggregates. T: total fraction, S:
soluble fraction, I: insoluble fraction. (c) The color of P1 was
switched from red to green via Michael addition with
nucleophiles. High-resolution mass spectrometry verified the
expected Michael addition products. (d) UV-vis and
fluorescence emission spectra P1 after conjugating to
nucleophilic cysteine and lysine. (e) The fluorescence emission
spectra of P1 with folded and aggregated proteins. Fluorescent
electrophoresis gel indicated P1 covalently conjugated to
proteins.

scenario in protein aggregates (Fig. 2c), we observed
hypsochromic shift of both absorption and fluorescence
emission (red to green) as well (Fig. 3d) in viscous glycerol, well
aligned with the one observed in protein aggregates. This
observation indicated that fluorescence shift to green color was
indeed caused by Michael addition to nucleophiles inside
aggregates. Moving forward to aggregated protein scenario, P1
predominantly conjugated with the thiol group of cysteine

residues instead of other nucleophilic residues (Fig. S4).

We further validated the generality of P1 probe in covalent
labelling toward different types of aggregated proteins. Upon
aggregating different recombinant proteins (50 uM) or lysate
proteome (1mg-mL?), P1’s green fluorescence gradually
enhanced as the temperatures increased after Michael addition
to protein aggregates (Fig. 3e). The fluorescence

This journal is © The Royal Society of Chemistry 20xx
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electrophoresis gel also confirmed general covaleng conivgation
of P1 with these aggregates. Furthermor@ W& exErhplitied
P1 to measure the thermodynamic stabilities of these proteins
in the thermal shift assay enabled by P1’ green fluorescence (Fig.
S4-S5).

Finally, we demonstrated that P1 served as a covalent
tracer to selectively visualize aggresomes in stressed live cells
without previously unwanted fixation protocol. According to
abovementioned fluorescence switch properties in buffer, the
P1 lit up weak red fluorescence emission upon non-covalently
binding with misfolded proteins at the initial acuate stress
phase, but further switched to green color upon conjugating to
insoluble aggregates accumulated in cellular aggresomes (Fig.
4a). To show such property of P1, cellular proteome aggregation
was induced by MG132 to inhibit proper proteosome function,
leading to the formation of aggresomes. Upon short-term
acuate stress by MG132 for 5h, weakly diffuse red fluorescence
signal was observed in cytosol. Severe proteome aggregation in
cell was observed after prolonged treatment of MG132 for 24
h. Meanwhile, the punctate aggresome structures with intense
green fluorescence were observed exclusively in 488 nm
channel (Fig. 4b). Such transformation in fluorescence color
echoed the in vitro experimental results using recombinant
proteins (Fig. 3).

To further demonstrate its general applicability, P1 probe
was also applied to detecting aggresomes in different cell lines
including liver cell (AML-12) from mus musculus, or renal
epithelial cell (HEK293T), hepatic cancer cell (HepG2), and
breast cancer cell (MDA-MB-231) from homo sapiens. As
expected, P1 emitted bright green fluorescence upon labelling
aggresomes after stressing the cells with MG132 for 24h (Fig.
4c). Besides MG132, other cellular stressors were also tested to
demonstrate P1’s general applicability in staining aggresomes,
including 17AAG (heat-shock protein inhibitor),
(proteosome inhibitor), chloroquine (inhibitor of lysosome) and

bortezomib

cycloheximide (disturb protein synthesis in ribosome) (Fig. 4d).
We observed different morphologies of cellular aggresomes
under these stressing conditions.

In summary, we developed a rapid covalent tracer to label
aggregated proteins via Michael addition. The reaction rate was
rationally tuned by chemical modifications, yielding up to 10-
fold kinetic acceleration. The optimized P1 probe was used to
monitor protein aggregation and rapidly label cellular
aggresomes in multiple cell lines and stressed conditions. It is
not always beneficial to improve labeling kinetics by enhancing
electron withdrawing capacity to the extreme but sacrificing
selectivity. Balancing the rapid labeling and satisfactory cellular
selectivity is a dilemma to be chemically fine-tuned. Our rapid
aggresome covalent tracer outperformed the commercial
PROTEOSTAT kit with better live cell compatibility without
fixation.
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