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CONSPECTUS

Protein aggregation is a biological phenomenon in which aberrantly processed or mutant proteins 

misfold and assemble into a variety of insoluble aggregates. Decades of studies have delineated 

the structure, interaction, and activity of proteins in either their natively folded structures or in 

insoluble aggregates such as amyloid fibrils. However, a variety of intermediate species exist 

between these two extreme states in the protein folding landscape. Herein, we collectively 

term these conformations as misfolded protein oligomers, including soluble oligomers and pre-

amyloidal oligomers that are formed by unfolded or misfolded proteins. While extensive tools 

have been developed to study folded proteins or amyloid fibrils, research to understand the 

properties and activities of misfolded protein oligomers has been limited by the lack of methods to 

detect and interrogate these species in live cells.

In this Account, we describe our efforts in the development of chemical methods that allow for the 

characterization of the multi-step protein aggregation process, in particular the misfolded protein 

oligomers, in living cells. As the start of this journey, we attempted to develop a fluorogenic 

method, wherein the misfolded oligomers could turn on the fluorescence of chemical probes that 

are conjugated to the protein-of-interest (POI). To this end, we produced a series of destabilized 

HaloTag variants, formulating the primary component of the AgHalo sensor, which misfold and 

aggregate when cells are subjected to stress. When AgHalo is covalently conjugated with a 

solvatochromic fluorophore, misfolding of the AgHalo conjugation would activate fluorescence, 

resulting in the observation of misfolded oligomers. Following this work, we extended the 

scope of detection from AgHalo to any protein-of-interest via the AggTag method, wherein 

the POIs are genetically fused to self-labeling protein tags (HaloTag or SNAP-tag). Focusing 

on the molecular rotor-based fluorophores, we applied the modulated FP chromophore core as 

a prototype for the AggTag probes, to enable the fluorogenic detection of misfolded soluble 

oligomers of multiple proteins in live cells. Next, we further developed the AggTag method 

to distinguish insoluble aggregates from misfolded oligomers, using two classes of probes that 

differently activate fluorescence emission towards these two conformations. To enable this goal, 
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we applied physical organic chemistry and computational chemistry to discover a new category 

of triode-like fluorophores, wherein the π orbitals of either an electron density regulator or the 

donor-acceptor linkages are used to control the rotational barriers of fluorophores at the excited 

states. This mechanism allows us to rationally design molecular rotor-based fluorophores that have 

desired responses to viscosity, thus extending the application of the AggTag method.

In summary, our work allows the field to directly monitor the intermediate misfolded oligomers 

and differentiate insoluble aggregates from this conformation in live cells, thus enabling the 

studies of many currently unanswered questions in protein aggregation. Future directions are to 

develop methods that enable quantitative analyses of the protein aggregation process. Further, 

new methods are needed to detect and quantify the formation and maturation of protein or RNA 

condensates that form membraneless organelles.

Graphical Abstract

1. Introduction

Unfolded polypeptides emerging from the ribosome after translation need to properly 

fold into native three-dimensional structures to perform their physiological functions. The 

folding of the proteome within a cell is assisted by a set of highly conserved folding 

and quality control machineries, comprising macromolecular chaperones, chaperonins, 

ubiquitin-proteasome systems and autophagy5, 6. These machineries form a concerted 

proteostasis network to maintain an appropriate level of proteome homeostasis, which is 

reflected by a balance between the folded, misfolded and aggregated states of the cellular 

proteome7–10. However, endogenous and exogenous stress conditions (including genetic 

mutations, environmental perturbations, chemical toxins, and pathogen invasion) impair the 
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integrity of proteostasis by shifting the free energy landscape of protein folding and/or 

inducing chemical or conformational changes in folded proteins11, 12.

Failure to maintain proteostasis during stress leads to global misfolding and aggregation 

of the endogenous proteome, resulting in a series of aberrant conformations that include 

misfolded proteins in the form of misfolded monomers, soluble oligomers, amorphous 

aggregates, and fibrils with ordered β-sheet structures. Extensive studies have connected 

cellular proteostasis to various biological processes including development, oncogenesis, 

metabolism and evolution. Stress-induced cellular protein aggregation has been associated 

with a growing number of human diseases, including neurodegenerative disorders, metabolic 

disorders, and some cancers13, 14. Protein aggregation is a multi-step process. Upon protein 

misfolding, misfolded monomers are produced and subsequently bind with one another to 

form misfolded oligomers (step 1, Fig 1A). Through a phase transition process, misfolded 

oligomers progress from their initial soluble oligomeric form into insoluble aggregates that 

exist in various forms, including amyloid-β fibrils, amorphous aggregates (step 2, Fig 1A). 

While extensive efforts have focused on either folded proteins or insoluble aggregates, a less 

studied species between these two states is the soluble misfolded oligomers intermediates. 

Evidence shows that the misfolded oligomers may play key roles in both cell physiology and 

pathology.15

Despite the emergence of a group of methods16–23, no simple and direct method is 

available to directly visualize the multi-step process of protein aggregation in live cells, 

in particular the misfolded oligomers. In the past, the aggregation of POIs has been mostly 

visualized by either the fusion of fluorescent protein (FP) tags or covalent labeling of 

fluorescent probes. In this technical scheme, diffused fluorescent signals represent folded 

and soluble POIs; whereas, punctate or granular fluorescent structures are indicative of 

protein aggregations (Fig 1B). These approaches are exemplified by destabilized client 

proteins that are fused to GFP16, 17, incorporation of fluorescent unnatural amino acids to 

thermally-labile proteins18, labeling FlAsH dye to proteins that are fused to a tetracysteine 

motif19, destabilized retroaldolase enzyme that is labeled with a fluorophore24, destabilized 

barnase enzyme22, GFP-fused heat-shock proteins25, and destabilized GFP26, 27. Despite 

the broad applications, the limitation remains - that is the fluorescence signal exists before 

and after protein misfolding or aggregation. Thus, these methods cannot report on soluble 

oligomers because these oligomers do not have granular structures. Furthermore, modern 

cell biology has revealed that RNAs and proteins can spontaneously undergo the liquid-

liquid phase separation (LLPS) process to form biological condensates or membraneless 

organelles, which exhibit granular morphology both in vitro and in cells28–30. Most proteins 

involved in LLPS contain intrinsically disordered regions, making this process connected 

to protein aggregation. In many cases, the condensates are formed as liquid droplets; 

however, the material state can convert from the liquid to the solid states that are likely 

protein aggregates31–34. While the FP-fusion method can rely on the change of fluorescence 

to monitor when and how POIs go through LLPS to form biological condensates, this 

method cannot delineate the folding states of POIs (folded structures or soluble misfolded 

oligomers) in the liquid droplets, because both of which exhibit liquid-like characteristics. 

As a result, the traditional FP-fusion method is particularly unsuited to reveal the protein 

aggregation process or membraneless organelles because of their granular morphology.
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Therefore, visualizing the multi-step process of protein aggregation, particularly the 

intermediate misfolded oligomers, has been increasingly recognized as an important field 

in the biomedical and biochemical communities. To this end, our group has developed a 

series of fluorescence-based imaging methodologies, which enable fluorogenic detection 

(turn-on fluorescence) of the entire protein aggregation process in live cells. This Account 
describes two goals that we had achieved (Fig 1C). First, we had developed chemical 

methods and fluorescent probes to detect previously invisible misfolded oligomers. Second, 

we also developed methods to distinguish insoluble aggregates from misfolded oligomers, 

using probes that only recognize insoluble aggregates and harbor distinct spectral properties 

from probes used in Step 1. Ultimately, a combination of these probes will allow live-cell 

imaging of misfolded oligomers using turn-on fluorescence, and differentiation between 

oligomers and insoluble aggregates using orthogonal fluorescent signals (Fig 1C). In a long 

term, these novel research tools will make positive and significant contributions to bridge the 

knowledge gaps in protein biochemistry and cell biology.

2. AgHalo: A protein-based fluorogenic sensor to quantify cellular 

proteome stress

We began with the development of a two-component proteome stress sensor that is 

composed of a metastable protein and a fluorogenic probe. The metastable protein only 

aggregates in the cells with deficient proteostasis; whereas the fluorogenic probe covalently 

conjugates with the protein and undergo changes of fluorescence (e.g. turn-on when 

the protein-probe conjugate misfolds and aggregates) (Fig 2B). Without proteome stress, 

the sensor remains folded. In the presence of proteome stress, the sensor misfolds and 

aggregates. During this process, the fluorogenic probe would exhibit changes in fluorescence 

intensity that can be quantified to reflect the extent of sensor aggregation, as a measure of 

proteome stress. We started with the HaloTag protein, an engineered dehalogenase that 

reacts with chloroalkane ligands to form a stable covalent enzyme-ligand conjugate35. 

HaloTag is an ideal platform because of its thermodynamic stability (ΔGfolding = −5.6 

kcal/mol), established warhead for a bio-orthogonal reaction in various cells, and a rapid 

labeling kinetics (107 M−1 s−1). By leveraging the HaloTag technology, we bypass the hurdle 

to develop a new bioorthogonal labeling reaction and jump-start on the HaloTag-based 

proteome stress sensor, hereinafter named AgHalo.

Using a screening strategy, we firstly identified a series of metastable HaloTag variants for 

the proteostasis sensor, as represented by K73T (ΔGfolding = −2.2 kcal/mol), which was 

used to study its aggregation in mammalian HEK293T cells treated with heat-shock.1 We 

found that K73T aggregated at elevated temperature using a fractionation experiment: 4%, 

11%, and 40% of K73T was found in the insoluble fraction at 37 °C, 42 °C and 45 °C, 

respectively. Furthermore, treating cells at 37 °C with a proteasome inhibitor MG-132 that 

is known to cause proteome aggregation resulted in 23% of K73T in the insoluble fraction. 

These results suggest that K73T is suitable to report on cellular proteostasis deficiency via 

its aggregation.
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To construct a turn-on fluorescence ligand for the proteome stress sensor, we explored 

solvatochromic fluorophores that exhibit fluorescence intensity increase when their 

adjacent surroundings transit from polar to non-polar microenvironment36, 37. For a 

folded protein, the hydrophobic residues are normally buried in its core; whereas the 

exterior surface is occupied with the hydrophilic residues, resulting in a primarily polar 

microenvironment (corresponding to dielectric constant of ~30). Protein misfolding disrupts 

the hydrophobic core and thus exposes the non-polar residues to the surface of misfolded 

proteins (corresponding to dielectric constant of ~3–6). Thus, solvatochromic fluorophores 

are expected to activate fluorescence when proteins transit from folded to misfolded 

conformations. Guided by this principle, we designed and synthesized a probe harboring 

a sulfonyl-benzoxadiazole (SBD) moiety (Fig 2C)38, 39, which is a well-established 

solvatochromic fluorophore that increases fluorescence intensity when local polarity 

decreases. An optimized sarcosine linker was installed on the original linker of HaloTag 

ligands to extend the SBD moiety out of HaloTag and position SBD in a hydrophilic 

environment5. The resulting ligand 1 had low fluorescence in PBS buffer (quantum yield: 

ϕ=0.002) and when conjugated to folded K73T (ϕ=0.02). When the K73T-1 conjugate 

aggregated at 59°C, we observed a blue shift of emission maximum from 600 nm to 545 

nm and a 10-fold fluorescence increase (ϕ=0.22). Importantly, we demonstrated that soluble 

oligomers of the K73T-1 conjugate are sufficient to activate fluorescence. Thus, the AgHalo 

sensor bears the premise to visualize misfolded oligomers in live cells.

Next, we assessed whether the AgHalo sensor detects heat-induced proteome stress in live 

cells (Fig 2D). Fluorescence of the AgHalo sensor could not only report the presence of heat 

(42°C) stress in real time (Fig 2D), but also distinguish its severity by the different fold-of-

change (7.29-fold at 45°C, 3.08-fold at 42°C; Fig 2D). Confocal fluorescence microscopy 

confirmed that fluorescence signal originated from both misfolded oligomers and insoluble 

aggregates formed by the AgHalo-1 aggregates, shown by the diffuse (red arrow) and 

punctate (white arrow) fluorescent structures, respectively (Fig 2E). We also studied drug-

induced proteome stress, using MG132 that is known to cause proteome aggregation, and 

five common anti-cancer drugs which their side effect is to compromise cellular proteostasis 

that cannot be detected by common cytotoxicity assays. In the cases of MG132 and nilotinib, 

we also observed the activation of fluorescence in both diffuse and punctate structures, 

suggesting that the AgHalo-1 fluorescence reports on both the misfolded oligomers and 

insoluble aggregates (Fig 2F). AgHalo-1 has been employed in other research groups to 

resolve various biological questions. As an example, Wang et al. directed AgHalo into the 

endoplasmic reticulum (AgHaloER) to demonstrate that phosphorylation of protein disulfide 

isomerase (PDI) at the position of Ser357 provides a folding favorable ER proteostasis. 

In the PDI knock-out HepG2 cells, AgHaloER-1 emitted turn-on fluorescence and formed 

granular structures, suggesting aggregation of AgHalo. This fluorescent signal could be 

significantly reduced when the wild-type PDI was over-expressed, indicating rescue of 

AgHalo folding and inhibition of aggregation40.

In addition to the solvatochromic probe 1 that is sensitive to local polarity, we further 

devised a molecular rotor-based probe 2 that is sensitive to local viscosity (Fig 2G)41. 

Molecular rotors have been applied to detect insoluble protein aggregates and amyloid 
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fibrils. Using the 9-(2-carboxy-2-cyanovinyl)julolidine (CCVJ) fluorophore as an example 

(probe 2), we demonstrated that the misfolded state of AgHalo is able to induce fluorescence 

increase by hindering rotation of probe 2. Interestingly, fluorescence is activated when the 

AgHalo-2 forms misfolded monomers (blue box; Fig 2H), resulting in a 12-fold increase 

(blue bars; Fig 2I). This signal further increased to ~20-fold when misfolded oligomers 

or insoluble aggregates form (red box; Fig 2H and red bars; Fig 2I). By contrast, the 

solvatochromic fluorophore probe 1, when conjugated with AgHalo, cannot detect misfolded 

monomers of AgHalo-1 (blue bars; Fig 2J), suggesting that the initial misfolded state of 

AgHalo may not change its dielectric constant sufficiently to turn on fluorescence of 1. 

This result inspired us to expand the molecular rotor-based fluorophores to the detection of 

protein misfolding in live cells.

3. Detecting misfolded oligomers in live cells using the AggTag method 

and chemically modified fluorescent protein chromophores

While the AgHalo system allowed the visualization of misfolded oligomers for AgHalo-1 or 

AgHalo-2 conjugates, it would be more significant to image the misfolded oligomers of any 

proteins-of-interest in live cells. Hence, we proposed the AggTag (Aggregation Tag) method, 

which can visualize misfolded oligomers and insoluble aggregates within the cellular milieu 

(Fig 3A)2. This method features small molecular AggTag probes (Fig 3A) that turn on 

their fluorescence only upon interaction with misfolded oligomers and insoluble aggregates, 

due to the increased surface hydrophobicity and/or elevated intermolecular rigidity of these 

species compared to folded proteins. When AggTag probes are covalently conjugated to 

a protein tag that is genetically-fused to folded POI, fluorescence of probes is quenched. 

Formation of misfolded oligomers and/or insoluble aggregates of the POI, however, inhibits 

the quenching and yields the turn-on fluorescence via intramolecular interactions with the 

probes. Unlike the conventional FP-fusion methods that track the location of late-stage 

aggregates via the appearance of fluorescent puncta, AggTag probes specifically fluoresce in 

response to changes in protein conformation and thus report on early events during protein 

aggregation.

To develop such probes, we studied the chromophore core of the green fluorescent 

protein, 4-hydroxybenzylidene-imidazolinone (HBI), which belongs to molecular-rotor 

based fluorophores (Fig 3B).42 Upon photoexcitation, HBI readily undergoes intramolecular 

rotation and enters low energy non-radiative twisted intramolecular charge transfer (TICT) 

state. Inhibition of the TICT pathway is often achieved by increasing environmental 

viscosity, hence suppressing the internal rotation and restoring fluorescence. Based on 

our experience with CCVJ, formation of misfolded protein oligomers and/or protein 

aggregates increases intermolecular rigidity and microviscosity. Thus, we anticipated that 

HBI analogues would exhibit turn-on fluorescence when their TICT is inhibited in the rigid 

environment within protein aggregates (Fig 3B). Structural variation of HBI was achieved 

by replacing the hydroxide group to a better electron donating group—N, N-dimethyl amino 

group and installing an extended π conjugation on the imidazole heterocycle. The final HBI 

derivative, probe 3 (Fig 3C), exhibited enhanced fluorescence when dissolved in glycerol, 

a viscous solvent mimicking compact microenvironment in misfolded oligomers, while 
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remaining dark in non-viscous solvents. Probe 3 exhibits quantum yield (ϕ) value of 0.22 in 

glycerol, comparable to ϕ of the Kaede protein as 0.3343. The molar extinction coefficient 

(ε) of 3 is 39,049 M−1•cm−1, about half of mCherry (72,000 M−1•cm−1). Thus, the turn-on 

fluorescence and the brightness of probe 3 in glycerol make it appropriate for live cell 

imaging of misfolded oligomers.

To test 3, we chose α-synuclein (α-syn), whose aggregation is associated with Parkinson’s 

disease.44 Purified α-syn aggregates via a three-step process: formation of the soluble 

oligomers, growth of the amyloid fibers, and maturation of the fibers (Fig 3D). Thioflavin-T 

(ThT) monitors the growth and the maturation of the fibers, but not the misfolded oligomers 

(black curve in Fig 3D). Different from ThT, 3 exhibited fluorescence activation as early as 

4 h, followed by further increase at 20 h until 36 h to plateau (red curve in Fig 3D). We 

further demonstrated that the AggTag approach could report POI aggregation in live cells, 

with a focus on the previously “invisible” misfolded oligomers. To this end, we genetically 

fused HaloTag to the POI, and synthesized probe 3h bearing a HaloTag reactive warhead 

and 2-hydroxyl group for enhanced solubility (Fig 3E). We tested whether 3h detects soluble 

oligomers in live cells, using the Huntingtin exon 1 protein (Htt-polyQ) that harbors varying 

lengths of poly-glutamine repeats45, 46. Htt-polyQ with short glutamine repeats (Htt-16Q-

Halo) resulted in no fluorescence (top panel, Fig 3F). The moderate length Htt-Q46-Halo, by 

contrast, showed a diffused fluorescence in cytosol (mid panel, Fig 3F); whereas, Htt-polyQ 

with longer glutamine repeats (Htt-97Q-Halo) resulted in granular structures as turn-on 

fluorescence from 3h without any background (lower panel, Fig 3F). Similar results were 

found with a mutant of superoxide dismutase 1 (SOD1-V31A). Sodium arsenite (NaAsO2) 

induces the accumulation of reactive oxygen species (ROS), causing cellular oxidative 

stress. Using the coumarin fluorescence, we found that SOD1-V31A-Halo was primarily 

located in the cytosol, and the oxidative stressor NaAsO2 induced partial translocation of 

V31A to nucleus33, 47. While the coumarin fluorescence remained diffuse before and after 

stress (left panel, Fig 3G), 3h only exhibited both diffuse and punctate fluorescent structures 

in stressed cells (right panel, Fig 3G). Taken together, we have achieved observing the 

previously invisible misfolded protein oligomers from properly folded protein monomers in 

live cells using the fluorogenic AggTag approach.

4. AggFluor: a fluorogenic toolbox to visualize the multi-step process of 

protein aggregation

Protein aggregation is a multi-step process that involves various aggregation species with 

different conformational states. It is important to distinguish insoluble aggregates from 

misfolded oligomers, because not only do they have distinct functions in cells, but also are 

managed differently by cells. In particular, misfolded oligomers do not necessarily display 

as a diffusive structure, instead they can reside in granular structures that appear to be almost 

identical to granules formed by insoluble aggregates48, 49. In this case, probe 3h is unable 

to distinguish granules that contain misfolded oligomers or insoluble aggregates, because 

their fluorescence could be equally activated in both conformations. When considering the 

physicochemical features of these two conformations, the misfolded oligomers should be 

less viscous and exhibit greater intermolecular spaces than the insoluble aggregates. Thus, 
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we proposed to develop two classes of molecular rotor-based probes, named AggFluor, to 

distinguish between these two conformations: the Class 1 probe activates fluorescence when 

incubated with both conformations, while the Class 2 probe only turns on fluorescence when 

incubated with insoluble aggregates3.

To achieve this goal, we revisited our previous fluorophores, to discover fluorophores that 

could remain dark upon binding to misfolded oligomers while activate fluorescence for 

insoluble aggregates. We used glycerol at 25 °C (972 cP) to mimic the viscous environment 

for misfolded oligomers, and glycerol frozen at −80 °C (3 × 1011 cP) to mimic insoluble 

aggregates. To our surprise, probe 4 (Fig 4A), which was originally rejected for the detection 

of misfolded oligomer due to its low quantum yield (Φ=0.027) in glycerol, showed an 

11-fold fluorescence increase in frozen glycerol (Fig 4B). By contrast, probe 3, which was 

optimized for misfolded oligomers detection, showed only a 1.5-fold increase in frozen 

glycerol (Fig 4C). This side-by-side comparison revealed a significant viscosity sensitivity 

difference between probes 3 and 4. While probe 3 exhibited a notable emission signal in the 

medium viscosity environment, probe 4 requires a much more rigid local environment than 

probe 3 to be fluorescent.

Based on these data, we combined the fluorescently orthogonal probe 3 (Ex/Em = 530/600 

nm) and probe 4 (Ex/Em = 450/520 nm) to enable a two-color imaging platform, wherein 

these two probes bear distinct viscosity sensitivity to distinguish different aggregation 

species. The red fluorescence from probe 3 would arise from both the less compact 

misfolded oligomers and the highly compact insoluble aggregates. Whereas, the substantial 

turn-on of green fluorescence from probe 4 will distinguish insoluble aggregates from 

soluble oligomers. To test the two-color imaging strategy, we expressed SOD1(A4V)-Halo 

in live HEK 293T cells and co-labeled the protein with probes 3h and 4h (Fig 4D), 

derivatives of probes 3 and 4 with a Halo-Tag reactive warhead. In the absence of cellular 

stress, both probes emit minimal fluorescent background (Fig 4E). When cells were treated 

with 5 μM protease inhibitor MG132 for 8h (Fig 4E), we started to observe the red 

fluorescence signal from 3h in both diffusive and small granule forms. However, no 

significant green fluorescence signal was detected from 4h at this point. When MG132 

stress persisted for 24h (Fig 4E), the red fluorescence from 3h continued to increase and 

started to develop perinuclear aggresome structures, wherein the green fluorescence signal 

from 4h was found at the core. Thus, this two-color imaging strategy has allowed us, for 

the first time, to directly test the multi-step protein aggregation process that was proposed a 

decade ago: In mammalian cells, aggregation of cytosolic proteins initiates from misfolding 

into oligomers as reflected by the diffused fluorescence of 3h; the oligomers continue to 

assemble into granular structures that only activate fluorescence from 3h but not 4h; these 

granular structures finally result in perinuclear aggresomes wherein the insoluble aggregates 

deposit to enhance fluorescence of 4h.
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5. Rational control of excited state rotational barrier for molecular rotor-

based fluorophores

Why did probes 3 and 4 respond so differently to viscosity with such a minor structural 

difference? Isomerization of the HBI derivatives, along either the phenolate (P) or 

imidazolinone (I) bonds, is the primary nonradiative decay process to reduce HBI’s 

fluorescence quantum yield. In particular, the synthetic HBI undergoes rotation along the 

I bond at excited state (Fig 5A), thus exhibiting dark fluorescence due to nonradiative 

decay via TICT50. We hypothesize that the correlation between rotational inhibition and 

environmental viscosity is primarily due to the excited state rotation barrier between 

the luminescent and TICT state (Fig 5B)4. Through a computational analysis, interesting 

differences were revealed for the potential energy surface (PES) of both probes at their 

ground state (S0) and the first singlet electronic excited state (S1): 3 exhibited a higher 

barrier (Ea is 0.36 eV for 3 and 0.08 eV for 4), a greater angle as the transition state of 

rotation (45° for 3 and 30° for 4), and a greater energy gap at the TICT state (ETICT is 

1.76 eV for 3 and 1.38 eV for 4). The π electron of the 2’-stilbene-dimethylaminobenzyl (S-

DMB) group in 3 overlapped with the acceptor to form π conjugation that elongated to the 

bond of rotation. Thus, the higher π orbital composition of 3 than 4 contributes to the higher 

rotational barrier of 3. We then named the S-DMB group as an electron-density regulator 

(EDR) and synthesized a series of HBI derivatives with varying π electron density of 

EDR. The resulting AggFluor probes (3–20) harbor varying rotational barriers and viscosity 

responses. While probes with higher rotational barriers (represented by 3) should activate 

fluorescence in microenvironment that have lower viscosities, probes with lower rotational 

barriers (represented by 4) would only be fluorescent with high viscosities.

In addition to EDR, we recently reported another mechanism to tune the viscosity 

sensitivity of rotor-based fluorophores by installing π-rich alternating bridges between 

electron donor and electron acceptor groups. This structural modification forces excited-

state fluorophore to undergo high energy barrier via the trans-cis isomerization, leading 

to reduced viscosity sensitivity. This strategy was applied to three reprehensive class of 

molecular rotor-based fluorophores, including benzothiazolium (21–23), HBI (4 and 25) and 

2-dicyanomethylene-3-cyano-2,5-dihydrofuran (DCDHF, 26–27). In all cases, we observed 

higher rotational barriers when the extended linkages incorporate increasing number of 

double bonds. Collectively, these methods significantly advance the capacity of the current 

imaging method, resulting an entire family of fluorophores with diverse viscosity sensitivity 

which could enable high temporal and spatial resolution, and multi-color imaging, to report 

biological processes including but not limited to protein aggregation. We envision similar 

strategies could be developed to modulate a wide variety of photoisomerizable fluorophores, 

and molecular rotors and aggregation-induced emission fluorophores, thereby expanding 

their chemical control and targeted applications.

6. Conclusion and perspective

Protein aggregation is a multi-step process that has been associated with a growing number 

of human diseases. Misfolded proteins form soluble oligomers that evolve into insoluble 
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aggregates. While extensive efforts have focused on either folded proteins or insoluble 

aggregates, a less studied species between these two states is a series of intermediate 

conformations as soluble misfolded oligomers. In this Account, we have described how 

our recent work has chemically modified FP chromophores, a class of molecular rotor-

based fluorophores, to enable the direct visualization of the previously invisible misfolded 

oligomers in live cells. Furthermore, we had discovered the principles to control the 

excited state rotational barriers of molecular rotor-based fluorophores, generating a series 

of AggFluor probes with varying sensitivities towards microviscosity. As a result, these 

probes allow us to simultaneously image misfolded oligomers and insoluble aggregates 

using orthogonal fluorescent signals, thus displaying the multi-step protein aggregation 

pathway in live cells.

The described fluorogenic probes provide powerful means to light up the misfolded 

oligomers and emit distinct fluorescent signals for the multiple conformations along 

the pathway of protein aggregation. However, such strategies could fall short when the 

microenvironment of protein aggregates needs to be quantitively analyzed. While the 

emission intensity of probes can be quantitively correlated with the polarity or viscosity 

when probes are measured in bulk solution, it is technically difficult to derive such a 

quantitative correlation from live cell imaging results. This is primarily due to the changes 

of fluorescence intensity could be triggered by local concentration changes instead of 

microenvironmental changes; thus, fluorogenic methods could introduce potential artifacts. 

By contrast, fluorescence lifetime or emission spectra is independent of fluorophore 

concentrations, hence providing more robust measurements of protein aggregation. In this 

regard, recent probes from aggregation-induced emission (AIE) family have demonstrated 

great potential to be used for concentration-independent imaging51. Functionalized AIE 

based probes that change fluorescence lifetime52 or emission spectra53 have been used 

to map cellular polarity and detect protein aggregation, respectively. In another work, a 

class of solvatochromic crystallization-induced emission fluorophores have been developed 

to exhibit both emission spectra shift that is dependent on polarity and intensity increase 

that is dependent on viscosity54. Using these probes, the authors found that polarity 

primarily decreases during protein misfolding and viscosity mainly increases when insoluble 

aggregates are formed. Furthermore, probes have been developed to covalently label protein 

aggregates based on their microenvironment to exhibit emission spectra changes55. More in-

depth quantitative imaging analyses of protein aggregation would benefit from probes with 

appropriate bathochromic and/or lifetime changes in response to viscosity and/or polarity.

In addition to protein aggregation, a related process is the liquid-liquid phase separation 

(LLPS) of protein and RNA molecules to form liquid droplets or condensates. LLPS is 

a natural biological process in which the cellular components separate into a protein-rich 

phase and a protein-dilute phase. The phase separation produces several types of liquid 

droplets based on the driving forces behind the process. Forces that are known to drive 

phase separation are cation-π interactions, electrostatics, and hydrophobic effects. Thus, 

future work is needed to discern the driving force for LLPS under specific conditions, to 

quantify the physicochemical property of protein or RNA condensates, and to discern how 

these properties are connected to the biological function of membraneless organelles that are 

formed via LLPS.
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Figure 1: The multi-step protein aggregation process.
(A) Folded proteins misfold to form soluble oligomers, which proceed to accumulate and 

evolve into insoluble aggregates. (B) Previous methods employ FP-tagged or fluorescently 

labeled proteins to monitor protein aggregation. Events of aggregation are visualized 

by the transition from the diffused signal to the granular fluorescent structure. These 

methods, however, could not reveal misfolded oligomers in live cells. (C) The proposed 

new method to visualize protein aggregation in live cells. While folded proteins exhibit 

dark fluorescent signal, the misfolded oligomers emit red fluorescence in both diffuse and 

punctate structures. By contrast, the insoluble aggregates emit green fluorescence with 

primarily granular morphology.
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Figure 2: The AgHalo-1 conjugate activates fluorescence when AgHalo misfolds in temperature 
or chemical stressed cells.
(A) Previous protein aggregation detection methods exhibit similar diffuse fluorescence 

signal in the folded states and the misfolded oligomeric states. (B) The proposed 

experimental goal wherein the AgHalo (K73T) conjugated with a fluorophore could activate 

fluorescence in misfolded oligomers and insoluble aggregates. (C) Chemical structure 

of 1. (D) The AgHalo-1 conjugate activates fluorescence in heat-shocked cells. (E–F) 

Fluorescence microscopy visualizes the misfolded oligomers of AgHalo-1 in cells treated 

with heat (E) or chemical stressors (F). (G) Chemical structure of 2. (H) Thermo 

denaturation of AgHalo results the formation of misfolded monomers (blue box), and 

misfolded oligomers or insoluble aggregates (red box). (I–J) Fluorescence response 

of molecular rotor-based probe 2 (I) and solvatochromic probe 1 (J) during thermo 

denaturation of AgHalo. (A–F) Reproduced with permission from Ref. 1. Copyright 2017 

John Wiley & Sons, Inc. (G–I) Reproduced with permission from Ref. 41. Copyright 2018 

American Chemical Society.
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Figure 3: Visualizing the misfolded oligomers using the AggTag method.
(A) Overview of the AggTag method. (B) Chemical modulation of the FP chromophore 

(HBI) to detect protein aggregation. (C) Chemical structure of 3. (D) 3 detects misfolded 

oligomers during α-synuclein aggregation. (E) Chemical structure of 3h. (F–G) Detecting 

misfolded oligomers of Htt (F) and SOD1-V31A (G). Reproduced with permission from 

Ref. 2. Copyright 2018 American Chemical Society.
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Figure 4: Detecting the multi-step protein aggregation process in live cells.
(A) Chemical structure of 4. (B–C) Fluorescence activation of 4 and 3 in glycerol at 

room temperature or frozen temperature. (D) Chemical structure of 4h. (E) Formation 

of misfolded oligomers and insoluble aggregates of SOD1-A4V in MG132 treated cells. 

Reproduced with permission from Ref. 3. Copyright 2020 American Chemical Society.
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Figure 5: Chemical control of the rotational barrier of molecular rotor-based fluorophores.
(A) Schematic diagram of potential energy surface of 3 and 4 at both ground and excite 

states. (B) Calculated height and position of rotational barrier for 3 and 4, as well as 

the energy gap between excited and ground states. (C) Chemical structures of 5–20. (D) 

The linkage between donor and acceptor controls the rotational barrier of rotor-based 

fluorophores. (E) Chemical structures of 21–26. (A–C) Reproduced with permission from 

Ref. 3. Copyright 2020 American Chemical Society. (D–E) Reproduced with permission 

from Ref. 4. Copyright 2021 John Wiley & Sons, Inc.
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