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Abstract

Aberrantly processed or mutant proteins misfold and assemble into a variety of soluble oligomers
and insoluble aggregates, a process that is associated with an increasing number of diseases that
are not curable or manageable. Herein, we present a chemical toolbox, AggFluor, that allows for
live cell imaging and differentiation of complex aggregated conformations in live cells. Based on
the chromophore core of green fluorescent proteins, AggFluor is comprised of a series of
molecular rotor fluorophores that span a wide range of viscosity sensitivity. As a result, these
compounds exhibit differential turn-on fluorescence when incorporated in either soluble oligomers
or insoluble aggregates. This feature allows us to develop, for the first time, a dual-color imaging
strategy to distinguish unfolded protein oligomers from insoluble aggregates in live cells.
Furthermore, we have demonstrated how small molecule proteostasis regulators can drive
formation and disassembly of protein aggregates in both conformational states. In summary,
AggFluor is the first set of rationally designed molecular rotor fluorophores that evenly cover a
wide range of viscosity sensitivities. This set of fluorescent probes not only change the status quo
of current imaging methods to visualize protein aggregation in live cells, but also can be generally
applied to study other biological processes that involve local viscosity changes with temporal and
spatial resolutions.
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INTRODUCTION

Protein aggregation is a multistep process that has been associated with a growing number of
human diseases, including neurodegenerative disorders, metabolic disorders, and some
cancersl—. Misfolding yields misfolded monomers, which subsequently associate with one
another to form misfolded oligomers (step 1 in Figure 1a). Misfolded oligomers evolve into
insoluble aggregates in forms of amyloid-f fibrils, amorphous aggregates, or stress granules
(step 2 in Figure 1a). 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 oligomers, including soluble oligomers and pre-amyloidal
oligomers whose formation is driven by misfolded proteins. Accumulating evidence shows
that the misfolded oligomers may play key roles in both cell physiology and pathology®’.
Furthermore, it is important to distinguish insoluble aggregates from misfolded oligomers,
because they do not only have distinct functions in cells, but also are managed differently by
cells® 9.

The need to reliably detect protein aggregation in live cells has promoted the emergence of a
group of fluorescent-based methods. Firstly, chemical dyes (such as the PROTEOSTAT
assay kit) can detect intracellular insoluble aggregates. However, this assay requires cell
fixation and membrane permeabilization, thus not suited for live cells. Secondly,
fluorescence microscopy using fusion of fluorescent proteins (FP) or labeling of fluorescent
probes to protein-of-interest (POI) and Raman scattering microscopy using metabolic
labeling have been used to visualize POI’s aggregation by observing fluorescent granules in
live cells19-14, Because this method exhibits optical signals before and after misfolding, it is
thus not suited to visualize soluble oligomers as these oligomers often show similar diffusive
structures to folded proteins. Thirdly, diffusion constants of FP-fused POI can be quantified
to differentiate insoluble aggregates from folded proteins!® 16, Such assays may not easily
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distinguish misfolded oligomers from folded proteins because both exhibit similar diffusion
constants. Fourthly, luciferase signal has been used to quantify protein aggregates?’.
However, this method lacks the live cell imaging capacity. Finally, fluorescence resonance
energy transfer (FRET) of FP-fused POI has been used to distinguish misfolded oligomers
from folded proteins!8: 19, Unfortunately, this method is laborious and can encounter
complications because these two conformations may exhibit similar FRET signals. Thus,
despite efforts in past few decades, no simple and direct method has been reported that
enables enable live cell imaging to detect the intermediate species of protein aggregation,
differentiates misfolded oligomers and insoluble aggregates, and monitors transition
between these two conformations.

Herein, we report a series of novel fluorescent probes named AggFluor that, for the first
time, allow for the direct visualization of the multistep protein aggregation process in live
cells. When AggFluors are covalently conjugated to a protein tag (e.g., HaloTag) that is
genetically fused to folded POI, their fluorescence is quenched. However, formation of
misfolded oligomers and/or insoluble aggregates of the POI inhibits quenching and yields
turn-on fluorescence. AggFluor is based on the synthetic green fluorescent protein (GFP)
chromophore, 4-hydroxybenzylidene-imidazolinone (HBI, Figure 1b)20 and belongs to the
family of molecular-rotor based fluorophores that have been widely applied in biological
imaging?1-30, HBI undergoes rotation along the | bond at excited state (¢ angle in Figure
1b), thus exhibiting dark fluorescence due to nonradiative decay via twisted intramolecular
charge transfer (TICT)3L. Chemical and biological restrictions, as well as environmental
viscosity, are capable of restoring HBI’s fluorescence emission via inhibiting its rotation at
excited states32-38, In a previous work, we reported the first HBI derivative, AggFluor P1,
which harbors a diarylethene extension to the dimethylamino benzyl group (Figure 2a and
Supplementary Figure S$1)39. Although P1 exhibits turn-on fluorescence in both misfolded
oligomers and insoluble aggregates, it is unable to distinguish granules that contain
misfolded oligomers or insoluble aggregates because misfolded oligomers can reside in
granular structures that appear to be almost identical to granules formed by insoluble
aggregates.

To further differentiate misfolded oligomers from insoluble aggregates, we explored the
chemical principle that controls activation of HBI fluorescence in varying viscosities. We
found that the correlation between rotational inhibition and environmental viscosity is
primarily due to the excited state rotation barrier between the luminescent and TICT states
(Figure 1c). Furthermore, we discovered that rotational barrier is controlled by an
independent moiety that forms electron conjugation with HBI, herein termed as electron
density regulator (EDR). Computational and structured analyses showed that r electron
density of EDR is positively related to the energetic height of HBI’s excited state rotation
barrier. Guided by this mechanism, we have created a series of HBI-based AggFluor probes
that harbor a tunable gradient of viscosity sensitivity, wherein fluorophores with high
rotational barriers activate fluorescence in lower viscosity than fluorophores with low
rotational barriers (Figure 1a). Using these novel fluorophores, we were able to present a
dual-color imaging technique that can differentiate misfolded protein oligomers and
insoluble aggregates, thus revealing the entire pathway of the protein aggregation process in
both test tubes and live cells (Figure 1a). Furthermore, we used this technique to
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demonstrate how small molecule proteostasis regulators can drive formation and
disassembly of protein aggregates in both conformational states, providing important basis
for future therapeutic exploration towards a wide spectrum of protein misfolding diseases
that are rooted in protein aggregation.

RESULTS AND DISCUSSION

Mechanisms underlying activation of AggFluor P1 fluorescence with misfolded oligomers.

To develop AggFluor probes, we first attempted to understand why AggFluor P1 activates
fluorescence in both misfolded oligomers and insoluble aggregates. Previous studies have
shown a more porous and loosely-packed environment for misfolded oligomers and a more
solid and tightly-packed structure for insoluble aggregates*°. We hypothesized that P1
should bear chemical properties to activate fluorescence in a microenvironment with low
viscosity. To test this hypothesis, we quantified how P1 activates fluorescence at varying
viscosities, using a series of ethylene glycol and glycerol mixtures (Figure 2b)*1. The slope
(%) of P1’s fluorescence intensity as a function of viscosity was determined to be 0.28, a
relatively low value when compared to commonly used molecular rotors including 9-
(dicyanovinyl) julolidine (DCVJ, x = 0.50) and Thioflavin-T (ThT, x = 0.66)*1. We found
that the fluorescence quantum yield & of P1 in glycerol modestly increased from 0.22 to
0.33 when viscosity dramatically increased from 972 cp at 25 °C to 3¢101! cp at -80 °C
(Figure 2c and Table S1)#2, suggesting that P1 emits fluorescence even in solvents of low
viscosity.

To investigate the mechanisms of activated P1 fluorescence in low viscosities, we calculated
the potential energy profile when the electron donor (the dimethylaminobenzyl group at C4
of the imidazolinone heterocycle) rotates along the | bond relative to the electron acceptor
(the imidazolinone heterocycle particularly the 5’-carbonyl group) at the Sq excited state
(Figure 2d and Tables S2-3)39. Herein, the I-bond rotational profile was defined by the ¢
angle increasing from 0° to 90°, representing fluorescent and TICT states respectively
(Figure 2d). Using the state-average complete active space self-consistent field (SA-
CASSCF) method*3, we identified a rotational barrier at ¢ angle of 45° and an activation
energy (£, of 0.36 eV at the S; excited state (Figure 2e and Table S4). Twisted molecular
conformation with ¢ > 45° lead to the TICT state (¢ = 90°) that quenches fluorescence. At
TICT state, the energy gap (E7/c7) between the S and Sy states was determined to be 1.76
eV (Figure 2e). Based on these results, P1 would effectively emit fluorescence without
entering the TICT state if p angles were within 0-30° (top panel of Figure 2f). However, P1
fluorescence would be quenched if the g angle is greater than 45° as it reaches the TICT
state (bottom panel of Figure 2f). Taken together, our findings demonstrate that the height
and position of rotational barrier of P1 might explain why its fluorescence is activated in
misfolded oligomers.

Rational design of AggFluor probes with a gradient of viscosity sensitivities.

We investigated how we can design AggFluor probes with desired viscosity sensitivity. For
P1, we found that its LUMO molecular orbitals of the diarylethene group overlapped with
the acceptor to form rt conjugation that elongated to the donor (Figure 3a). Because
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conjugated T orbitals resist rotation, we hypothesized that m electron density of the
diarylethene group would lead to a higher rotational barrier of P1 (Figure 3b). Herein, we
named the diarylethene group as electron density regulator (EDR), whose m electron density
should be positively correlated with the activation energy (£,) of rotation and control the
viscosity sensitivity.

Guided by this rationale, we synthesized AggFluor probes with varying EDRs and
determined their viscosity sensitivity as the x value. In addition, the fold of fluorescence
increase (Flgy/Fly) was quantified when viscosity increased from 972 (glycerol at 25 °C,
FlLy) to 3#101 (glycerol at =80 °C, Flyy). For probes with decreasing m electron densities
of EDR, we expect lower £, values that are reflected by increasing x and Flyy/Fl\ values.
Firstly, we replaced the 4’dimethylamine of EDR by groups with varying electron donation
or withdrawal capabilities (P2-P7 in Figure 3c and Figures S2-7). Probes with slightly
weaker electron donating groups than the dimethylamino donating group in P1 (x=0.28;
Figure 2b), still show low x values (0.32 for P2 with methoxy and 0.36 for P3 with amide;
Figure 3d, Figures S21 and Table S1), whereas probes with electron withdrawing groups
exhibited higher xvalues (0.43 for P6 with carboxylic acid and 0.51 for P7 with nitrile).
Consistent to these results, the Flqy/FI\ value increased when r electron density of EDR
decreased (Figure 3e). Secondly, we replaced the dimethylamino benzyl moiety by
heterocycles with varying r electron densities and aromaticities (P8—P12 in Figure 3f and
Figures S8-12). As predicted, x values similar to P1 were observed for r excessive
heterocycles (0.26 for P8 with indole and 0.31 for P9 with thiophene; Figures 3g, Figures
S22 and Table S1). By contrast, the 1t deficient heterocycles resulted in higher x values (0.49
for P11 with imidazole and 0.50 for P12 with thiazole). Similarly, the Fl\/Fl v values also
increased when the heterocycles varied from 7t excessive to w deficient moieties (Figure 3h).
Finally, we replaced the donor group from dimethylaminobenzene to indole (mimicking the
chromophore core of cyan fluorescent protein, CFP; P13-P17 in Figure 3i and Figures S13—
17), with a goal to demonstrate that the effect of EDR is independent of the donor. Similar to
P8-P12, 1t excessive heterocycles resulted in lower x values than r deficient heterocycles,
shown as 0.30 for indole (P13) and 0.53 for thiazole (P17) (Figures 3j—k, Figures S23 and
Table S1).

These results reveal that molecular orbitals of EDR form extended rt conjugates that regulate
activation energy of the rotational motion. Guided by this mechanism, we replaced the EDR
of P1 with a methyl group, resulting in P18 (Figure 4a and Figure S18). The xvalue of P18
was determined as 0.68 (Figure 4b), 2.4-fold greater than that of P1 (0.28, Figure 2b). The
Flqy/Fly value of P18 was determined to be 11-fold (Figure 4c), greater than that of P1
(1.5-fold, Figure 2c). This data suggests that P18 tends to activate its fluorescence only with
high viscosity. We calculated the energy profile as the ¢ angle increased from 0° to 90°,
representing fluorescent and TICT states respectively (Figure 4d, Tables S6-8). The SA-
CASSCF analyses revealed key differences between P1 and P18 (Figure 4e, Tables S4 and
S8): P18 exhibited a lower barrier (£5is 0.36 eV for P1 and 0.08 eV for P18), a smaller
angle as the transition state of rotation (45° for P1 and 30° for P18), and a smaller energy
gap at the TICT state (E7c7is 1.76 eV for P1 and 1.38 eV for P18; Figures 2e and 4d).
Milliken charge analyses revealed that charge transfer started to occur at different ¢ = 30°
along the pathway to TICT (Figure 4f, Table S9). This charge transfer profile is different
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from P1, which starts to initiate TICT at rotations with ¢ > 45° (Figure 4f). Thus, P18 can
emit fluorescence only when its donor rotates around ¢ angles within 30°; though beyond
30°, P1 would cross the transition state towards fluorescence quenching (Figure 4g).

Collectively, using EDR to control the excited state rotational barrier allows for the creation
of AggFluor P1-P18, whose x values almost evenly cover the range from 0.27 to 0.68,
While probes with lower x values (similar to P1) should activate fluorescence in local
environment that have lower viscosities, probes with higher x values (represented by P18)
would only be fluorescent with highly viscous surroundings.

AggFluor probes P1h and P18h differently detect the protein aggregation process.

Next, we chose P1 and P18 to demonstrate the ability of the AggFluor probes to report on
the multistep protein aggregation process, expecting that P1 activates fluorescence with
misfolded oligomers and P18 only is fluorescent with insoluble aggregates (Figure 5a). To
this end, we employed the recently developed AggTag method (Figure 5b), wherein P1 or
P18 could be covalently conjugated with the HaloTag-fused protein-of-interest (POI-
Halo)3. Using an optimized HaloTag linker and reactive warhead, P1 and P18 can be
extended into the microenvironment surrounding the POI, and thus is able to emit turn-on
fluorescence upon misfolding or aggregation of Halo-POI (Figure 5b).

Destabilized mutants of superoxide dismutase 1 (SOD1-A4V) was used as an example,
whose aggregation has been associated with Amyotrophic Lateral Sclerosis*. We
synthesized HaloTag-reactive AggFluor P1h and P18h (Figure 5¢), which were conjugated
to purified SOD1-A4V-Halo protein and both exhibited low fluorescent background with
negligible quantum yield (¢ < 0.02). Aggregation of SOD1-A4V-Halo could be induced by
heating at 59 °C, and the formation of insoluble aggregates could be measured using
turbidity (black curve, Figure 5d). Before the increase in the turbidity signal, we observed an
initial lag phase that could indicate the formation of unfolded oligomers before they progress
into insoluble aggregates. When SOD1-A4V-Halo was conjugated with P1h (x=0.28), its
fluorescence increased immediately after the incubation at 59°C and reached the plateau
around at the end of the lag phase of turbidity (red curve, Figure 5d). The rapid kinetics of
P1h fluorescence indicates its detection of misfolded oligomers, consistent to previous
studies3. When P18h (x=0.68) was used in an identical assay, we found that its fluorescence
kinetic profile was comparable to that of turbidity (green curve, Figure 5d). This result
supports our hypothesis that fluorescence of P18h is only activated when surrounded by
highly viscous insoluble aggregates. Transmission electron microscopy (TEM) further
revealed that the insoluble aggregates of SOD1-A4V-Halo exhibited amorphous and tightly
packed structures, explaining why rotation of P18h could be stalled to activate its
fluorescence (Figure 5e).

In addition to SOD1-A4V-Halo, we also tested another well-established aggregation-prone
protein, Fluc-R188Q-Halol0. Using P1h, we again found its fluorescence activated quickly
upon heating, as P1h fluorescence is known to correspond to the amount of oligomers in the
solution (red curve, Figure S24a), showing a kinetics much faster than the turbidity signal
(black curve, Figure S24a).39 By contrast, fluorescence of P18h was poorly activated even
when the turbidity signal was prominent at 25 min, reaching only 25% of the P18h
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fluorescence when conjugated with SOD1-A4V-Halo aggregates (green curve, Figure S24a).
This observation was explained by TEM images of Fluc-R188Q-Halo aggregates at 25 min
heating: contrary to dense aggregates of SOD1-A4V-Halo, Fluc-R188Q-Halo formed small
and low-density aggregates (Figure S24b). This structural feature could support the low
fluorescence of P18h, as these low-density aggregates could not restrict rotation of P18h due
to its low rotational barrier. P1h with a higher barrier, however, can be effectively activated
in both misfolded oligomers and low-density insoluble Fluc-R188Q-Halo. Collectively,
these results suggest that probes with rationally controlled viscosity sensitivity allow
detection and differentiation of multiple steps of protein aggregation.

Direct visualization of the multi-step protein aggregation process in live cells using
AggFluor probes P1h and P18h.

It is desirable to distinguish insoluble aggregates from misfolded oligomers in live cells
because they have distinct functions and are managed differently by cells® °. While there are
no current techniques available to achieve this goal, we envision that a combination of P1h
and P18h can enable a two-color imaging platform, wherein fluorescence of P1h (Ex/Em =
540/640 nm) and P18h (Ex/Em = 450/520 nm) can monitor misfolded oligomers and
insoluble aggregates (Figure 6a, Figures S19-20). For both P1h and P18h, we observed low
fluorescence background in the absence of stress that induces protein misfolding (Figure
6b). The minimal fluorescence was not due to the lack of protein expression, as
demonstrated by a triple-probe labeling experiment using P1h, P18h and the always-
fluorescent coumarin ligand in cells expressing SOD1-A4V-Halo, Htt-Q19-Halo and
HaloTag (Figures S25-26).

We treated cells expressing SOD1-A4V-Halo with the proteasome inhibitor MG132 at 5 uM
(Figure S25). In an 8h induction of stress, we observed P1h fluorescence activation in both
diffusive and small granular structures (Figure 6¢ and Figure S27). At this point in time,
P18h fluorescence remained dark, comparable to its background in unstressed cells. When
this stress condition persists to an extended 24-h period, we observed large nuclear-adjacent
granules that exhibited green fluorescence from both P1h and P18h (Figure 6c and Figure
S27), corresponding to aggresomes that encapsulate insoluble aggregates*C. In addition to
A4V, we also examined other pathogenic mutants of SOD1, including G85R and G93A%. In
cells treated with 5 pM MG132 for 8 h and 24 h, we observed activated fluorescence of P1h
and dark signal of P18h for both mutants, suggesting their ability to form misfolded
oligomers but not dense insoluble aggregates (Figures S28-29). This observation is
consistent to previous reports that A4V is a more aggregation-prone mutant than G85R and
G93A*, By contrast, cells expressing wild-type SOD1-Halo exhibited minimal fluorescence
for both P1h and P18h when treated with 5 uM MG132 for 8 h, suggesting that the wild-type
SOD1 is resistant to stress-induced protein aggregation (Figure S30). Thus, the combination
of P1h and P18h allows us, for the first time, to monitor the two-step aggregation process of
SOD1-A4V in cells treated with MG132, particularly using two distinct colors to
simultaneously visualize the intermediate misfolded oligomers in their granular or diffusive
form and the final product as insoluble aggregates in aggresomes (Figure 6d).
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Proteostasis regulators intervene the multistep protein aggregation process.

This unprecedented imaging capacity allows us to explore how small molecule proteostasis
regulators can intervene the process of protein aggregation with a focus on how they could
promote or prevent formation of misfolded oligomers or insoluble aggregates*® 46, To test
this notion, we chose the Huntingtin exon 1 protein with expansion of a polyglutamine tract
within its N-terminal domain (Htt-polyQ)#’, well known for its protein aggregation and
association with Huntington’s disease. As previously reported, Htt-polyQ with repeats
shorter than Q78 form predominantly soluble oligomeric protein aggregates in the

cytosol’: 48, Consistent to this notion, we observed fluorescence signal only from P1h but
not from P18h (left panels, Figure 6e and Figure S31), when Htt-Q46-Halo was expressed in
HEK293T cells. Treating cells with 5 uM MG132 for 24 h clearly induced misfolded
oligomers of Htt-Q46-Halo to form aggresomes that exhibited fluorescence signals from
both P1h and P18h (center panels, Figure 6e). Similar to Htt-Q46-Halo, Htt-Q72-Halo also
was found to form misfolded oligomers that can be driven to insoluble aggregates, as
observed in a time-lapse imaging experiment wherein the misfolding oligomers of Htt-Q72-
Halo appeared first and then condensed to form aggresomes that exhibit fluorescence signals
from both P1h and P18h (Figure S33). Interestingly, the Htt-Q72-Halo puncta showed an
average diameter via P1h fluorescence to be 5.5 + 0.50 pm and P18h fluorescence to be 4.3
+ 0.54 um (Figure S34b, n=6). This result indicates that there are different misfolding states
in the Htt-Q72-Halo aggresomes, wherein the core region is composed of insoluble
aggregates and the shell area is primarily misfolded oligomers. These findings collectively
suggest that misfolding proteins are degraded by ubiquitous-proteasome system and
inhibition results in a buildup of misfolded oligomers and formation of insoluble aggregates.
Thus, we hypothesized that proteasome activators, as exemplified by the recently discovered
compound PD1693164°, should clear misfolded oligomers. As expected, treatment with an
established proteasome activator PD169316 (1 uM) leads to clearance of Htt-Q46-Halo
misfolded oligomers as shown by the lack of red fluorescence (right panels, Figure 6e and
Figure S31).

Htt-Q110 is a highly aggressive Htt mutant that forms exclusively large aggresomal
structures even without cellular stress’. When expressed in HEK293T cells, Htt-Q110-Halo
formed exclusively perinuclear aggresomes, a form of insoluble aggregates, which exhibited
bright fluorescence from both P1h and P18h (left panels, Figure 6f). The average diameter of
Htt-Q110-Halo perinuclear aggresomes were determined P1h fluorescence to be 4.4 £+ 0.43
um, almost identical to the values as measured via P18h fluorescence to be 4.1 + 0.45 ym
(Figure S34a). This result suggests that aggresomes formed by Htt-Q110-Halo contain
primarily insoluble aggregates. Thus, activation of proteasome by PD169316 (1 pM) exerted
a minimal effect on Htt-Q110-Halo aggresomes (center left panel, Figure 6f). It was reported
previously that activation of heat-shock protein 70 (Hsp70) could reduce the formation of
Htt aggresomes®0. To test this idea, cells expressing Htt-Q110-Halo were treated with an
Hsp70 activator YM-1 (1 uM) for 48 hours. Although aggresomes were found as indicated
by the green fluorescence from P18h (center right panels, Figure 6f), their average diameters
(2.6 um) were smaller compared to aggresomes (4.1 pm) in cells without the treatment of
YM-1 (Figure S32). Moreover, misfolded oligomers started to appear as indicated by both
diffusive and small punctate structures that only emitted red fluorescence from P1h (center
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right panels, Figure 6f). To further clear Htt-Q110 aggregates, we co-treated cells with both
YM-1 and PD169316 (both at 1 uM) to simultaneously activate both the Hsp70 and
proteasome (right panels, Figure 6f). Although treated cells did not show total clearance of
aggregates, the fluorescent intensity of both P1h and P18h was significantly reduced and
large aggresomes were not observed. Hence, the combined use of P1h and P18h suggest a
cooperation between Hsp70 and proteasome to reduce Htt-polyQ aggregation in forms of
misfolded oligomers and insoluble aggregates, providing potential directions for future
therapeutic efforts towards Huntington’s disease and other protein misfolding diseases.

CONCLUSION

In summary, we have developed a novel class of fluorescent probes, AggFluor. Studies using
structure-functional relationship and quantum chemistry revealed the strategy to control the
viscosity sensitivity via incorporation of the electron density regulator (EDR) in the HBI
chromophore core of the green fluorescent protein. This newly discovered strategy allows us
to conduct a rational design of 18 AggFluor probes, which harbor an unprecedented
coverage of a wide range of sensitivity towards local viscosity. Combined with the
established AggTag method, these probes allow for direct visualization of the multistep
process of protein aggregation. In particular, we demonstrate that two probes can be
combined to enable the two-color fluorescent imaging technology to distinguish, for the first
time, the misfolded oligomers from insoluble aggregates in live cells. This capacity has led
to the demonstration on how small molecule proteostasis regulators can drive formation and
disassembly of protein aggregates in both conformational states, providing important basis
for future therapeutic exploration towards a wide spectrum of protein misfolding diseases
that are rooted in protein aggregation.

In addition to protein misfolding and aggregation, AggFluor probes can also be applied to
study other biological processes that involve local viscosity changes with temporal and
spatial resolutions. Compared to traditional molecular rotor fluorophores that have been
applied to study these processes, the advantage of the AggFluor probes lies in the rational
control of their viscosity sensitivity. Our work reveals how r electron density of EDR
modulates molecular orbital of the rotational bond at an excited state, thus controlling both
the activation energy and position of the rotational energy barrier that leads to the twisted
TICT conformation. This mechanism allows for the design of 18 different probes that span
the range of viscosity sensitivities (x spanning from 0.28 to 0.68). Thus, we envision that
these probes could potentiate a wide spectrum of novel applications in biological systems,
membrane biochemistry and biomaterial research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Proposed AggFluor probes can activate fluorescence differently with misfolded
oligomers or insolouble aggregates via controlling their excited state rotational energy barrier.

a) Diagram of how the fluorogenic AggFluor probes could visualize protein aggregation.
Probes with lower barriers should activate fluorescence with both misfolded oligomers and
insoluble aggregates. Whereas, probes with higher barriers should only activate fluorescence
with insoluble aggregates. b) Structure of HBI at both the ground Sy and excited S, states.
At the Sq excited state, rotation occurs along the phenolate ring (P) or imidazoline ring (1)
bond, wherein the prominent nonradiative decay pathway is via the rotation along the I bond
as defined by the ¢ dihedral angle. c) The Jablonski diagram of AggFluor probes that harbor
a rotational barrier between the luminescent state to the dark TICT state.
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Figure 2: AggFluor P1 harbors a rotational barrier that could explain its fluorescence activation
with misfolded oligomers of lower viscosities.

a) Structure of P1. b) Measurement of viscosity sensitivity (x) using the linear fitting of
double logarithmic plots of intensity versus viscosity using ethylene glycol/glycerol
mixtures, P1 shows a low viscosity sensitivity x = 0.28. ¢) Fluorescent intensity of P1
increase by 1.5-fold from glycerol (972 cp) to glycerol at —80°C (3+1011 cp) d). Diagram
showing the donor and acceptor of P1 upon excitation. TICT state is formed via rotation
between donor and acceptor along the dihedral angle ¢. €) SA-CASSCEF rigid scan over
angle ¢ identifies the excited state rotational barrier at 45° with £;=0.36 eV. f) TICT
initiates at rotational angles greater than 45°.
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Figure 3: Rational design of AggFluor probes with desired viscosity sensitivities.
a) LUMO orbitals of P1 at excited state clearly show conjugation from the diarylethene

moiety. b) Conjugation between the acceptor and EDR is proposed to control excited
rotational barriers. c¢) Structure of P2—-P7. d-e) P2-P7: the x values and fluorescence
intensity increase in viscosities 31011 cp versus 927 cp. f) Structure of P8-P12. g-h) P8-
P12: the x values and fluorescence intensity increase in viscosities 341011 cp versus 927 cp.
i) Structure of P13-P17. j-k) P13-P17: the x values and fluorescence intensity increase in
viscosities 3¢1011 cp versus 927 cp.
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Figure 4: Mechanisms underlying the different fluorescent activation behavior of P1 and P18.
a) Structure of P18 and diagram showing the donor and acceptor of P18 upon excitation. b)

Viscosity sensitivity (x = 0.68) of P18. ¢) Fluorescent intensity of P18 increase by 11-fold
from glycerol (972 cp) to glycerol at —80°C (32101 cp) d) SA-CASSCF rigid scan over
angle ¢ identifies the excited state rotational barrier at 30° with £;=0.06 eV. e) Rotational
potential energy surfaces of P1 (red) and P18 (greed) at the S; excited state. f) Mulliken
charge analyses reveals TICT initiates at ¢ angles of 45° for P1 and 30° for P18. g) TICT for
P18 initiates at rotational angles greater than 30°.
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Figure 5: P1 and P18 differentially detect the multistep process of protein aggregation.
a) P1 detects both misfolded oligomers and insoluble aggregates. Whereas, P18 should only

detect insoluble aggregates. b) Diagram of the AggTag method. POI: protein-of-interest, P:
AggFluor probes. ¢) Structure of the P1h and P18h. d) Fluorescence and turbidity kinetics of
heat-induced SOD1-A4V-Halo aggregation at 59°C, 25 uM proteins and 5 pM probes. €)
TEM images of SOD1-A4V-Halo aggregates reveal large tightly packed structures (59°C, 25
UM proteins, 20 min).
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Figure 6: P1h and P18h differentiate misfolded oligomers and insoluble aggregates in live cells.
a) Normalized excitation and emission spectra of P1h (in glycerol, 25 °C) and P18h (in

glycerol, =80 °C). b) Dark background of P1h and P18h in the absence of protein
aggregates. HEK293T cells were treated with 0.5 uM of P1h and P18h during transfection of
desired proteins. ¢) MG132-induced (5uM) SOD1-A4V-Halo aggregation at 8 and 24 h. At 8
h, P1h exhibited fluorescence in both diffusive and small granular misfolded oligomers
while P18h remained dark. At 24 h, P18h exhibited fluorescence only in perinuclear
granular aggresomes and P1h remained to be fluorescent in both diffusive and small granular
misfolded oligomers. HEK293T cells were treated with 0.5 pM of P1h and P18h during
transfection of desired proteins. 5 uyM MG132 were added at 24 h post-transfection. d) In
cells expressing POI-Halo, stress conditions induce POI aggregation that forms misfolded
oligomers (with short stress durations) and subsequently insoluble aggregates (with extended
stress durations). €) Chemical modulation of Htt-Q46-Halo aggregates. Left panel: Htt-Q46-
Halo forms diffusive misfolded oligomers that were detected only by P1h but not P18h.
Middle panel: MG132 drives Htt-Q46-Halo to form perinuclear aggresomes that can be
detected by P18h. Right panel: PD169316 eliminated fluorescence signal for both P1h and
P18h. HEK293T cells were treated with 0.5 UM of P1h and P18h during transfection of
desired proteins. 5 uM MG132 was added at 24 hrs post-transfection and 1 uM PD169316
was added at 30 min post-transfection. ) Left panel: Htt-Q110-Halo forms only perinuclear
granular aggresomes that were detected by P1h and P18h. Chemical dis-aggregation of Htt-
Q110-Halo. While PD169316 (1 uM) showed no effect on Htt-Q110-Halo aggregates, YM-1
(1 uM) reduced size of aggresomes. Co-treatment of PD169316 and YM-1 (both at 1 uM)
resulted in further reduced aggresomes and appearance of misfolded oligomers. 1 uM
PD169316 and/or YM-1 were added at 30 min post-transfection. Blue: Hochster 33342;
scale bar: 5 pm.
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