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MOTIVATION Proteins assemble into a wide range of different supramolecular structures often related to
their biological function. However, monitoring and characterizing such assemblies and their structural sta-
bility inside living cells is challenging. Here, we develop a method that provides a precise readout of struc-
tural changes within protein aggregates, condensates, and oligomers. The method is non-invasive and al-
lows long-term imaging and straightforward combinations with other orthogonal methods.
SUMMARY
Proteins assemble into a variety of dynamic and functional structures. Their structural transitions are often
challenging to distinguish inside cells, particularly with a high spatiotemporal resolution. Here, we present
a fluorescence resonance energy transfer (FRET)-based method for continuous and high-throughput moni-
toring of protein self-assemblies to reveal well-resolved transient intermediate states. Intermolecular FRET
with both the donor and acceptor proteins at the same target protein provides high sensitivity while retaining
the advantage of straightforward ratiometric imaging. We apply this method to monitor self-assembly of
three proteins. We show that the mutant Huntingtin exon1 (mHttex1) first forms less-ordered assemblies,
which develop into fibril-like aggregates, and demonstrate that the chaperone protein DNAJB6b increases
the critical saturation concentration of mHttex1. We also monitor the structural changes in fused in sarcoma
(FUS) condensates. This method adds to the toolbox for protein self-assembly structure and kinetics deter-
mination, and implementation with native or non-native proteins can inform studies involving protein conden-
sation or aggregation.
INTRODUCTION

Proteins assemble into different structures that range from qua-

ternary structures, such as the cytoskeleton and multi-subunit

enzymes, to dynamic protein condensates and misfolding-

induced aggregates. The structure and dynamics of conden-

sates and aggregates depend on the local biochemistry. For

example, aggregate-forming proteins associated with Parkin-

son’s, Alzheimer’s, and Huntington’s diseases have structures

and aggregation pathways resulting from chaperone activity,

posttranslational modifications, the inclusion of other biomole-

cules, and the physicochemical properties of the cell (Iadanza

et al., 2018; Lackie et al., 2017; Owen et al., 2019; Schaffert

and Carter, 2020). Thus, aggregate structures vary considerably,

and better monitoring of the structures may improve the ability to

identify the best drug targets. Condensate structures also vary:
Cell R
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the protein fused in sarcoma (FUS) forms dynamic liquid-like as-

semblies but also aberrant gel-like states that mislocalize in the

cytoplasm, which are sometimes associated with amyotrophic

lateral sclerosis (Murakami et al., 2015; Patel et al., 2015). To bet-

ter understand the biological functions of condensates and

related diseases, it is essential to know the structural transitions

they undergo.

Proteins can form various types of assemblies. Irreversible

misassembly is classified as aggregation and can result in

either ill-defined amorphous structures or more structured fi-

brils involving beta-sheet protein folds. Proteins can also

assemble, in a reversible manner, as biomolecular conden-

sates. Condensates are large assemblies that can act as com-

partments and are often associated with liquid- to gel-like

physicochemical properties. Condensates may structurally

evolve into (pathogenic) aggregates, indicating the need to
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monitor this process continuously to assess their biological

impact.

The structural transitions of protein assemblies are chal-

lenging to determine inside cells. In buffer, reconstitution of

purified protein allows detailed study of condensates and aggre-

gates, but results may not be relevant in cells. Chemical or

cryofixation of cells allows antibody staining and electron micro-

scopy, providing the microscopic structure of the aggregate and

its location in the cell. However, measurements inside living cells

are required to understand what structures are present in living

cells, how fast they form, what their dynamics are, and whether

transient intermediates form. The dynamics of protein assembly

can be observed by tagging the corresponding proteins with a

fluorescent protein or by adding small-molecule fluorescent

dyes such as Thioflavin T (Xue et al., 2017), which usually only

indicate amyloid-type structures. The target protein fused with

a fluorescent protein allows fluorescent microscopy with a high

spatiotemporal resolution, observation of dynamic behavior,

and co-localization with other fluorescently tagged molecules.

Förster resonance energy transfer is an ideal method to probe

events at the 2–10 nm scale, which is in a size range of a protein.

The fluorescence resonance energy transfer (FRET) efficiency

between a donor and an acceptor fluorescent protein increases

with an inverse distance to the power of six when the fluoro-

phores are moving closer toward each other. The orientation be-

tween the fluorophores attenuates the FRET efficiency further.

Thus, FRET has found extensive use in determining protein-pro-

tein interactions and observing protein aggregation, such as the

mutant Huntingtin exon 1 fragment (mHttex1) containing an

extended polyglutamine domain (Ast et al., 2018; Lo et al.,

2020; Pollitt et al., 2003). To this end, a fluorescent donor is fused

tomHttex1 and the acceptor to the second copy ofmHttex1. Co-

transfection of both plasmids allows the observation of an in-

crease in FRET efficiency as both copies co-aggregate with a

short intermolecular distance in between. Unequal expression

of donor and acceptor proteins can be corrected by using

correction factors (Xia and Liu, 2001). Alternative methods

have been developed recently, such as partial photo converting

a GFP into an RFP to generate FRET, named DAmFRET (Khan

et al., 2018), or to determine the influence of the aggregate on

fluorescent properties of GFP (Kaminski Schierle et al., 2011;

Laine et al., 2019; Peskett et al., 2018). These methods provided

a great number of insights into the mechanism of protein self-as-

sembly, demonstrating the potential of the approach. These

methods do not provide an equal number of donors and accep-

tors in every cell, and continuous quantitative ratiometric imag-

ing is impossible. To complement the existing methods, the

donor and acceptor could be fused to the same protein. Howev-

er, fusing mHttex1 between a FRET pair impedes mHttex1

aggregation and depends on changes in both inter- and intramo-

lecular FRET (B€unig et al., 2017; Caron et al., 2013). Hence,

although FRET is a beneficial tool to observe protein assembly,

various hurdles remain before it can reach its full potential in

cells.

Here, we demonstrate straightforward and precise monitoring

of condensate and aggregate properties with a FRET-based

method that relies on conjugating the target protein to a fusion

that contains both the donor and acceptor.We validate the appli-
2 Cell Reports Methods 2, 100184, March 28, 2022
cation of the method by observing different states in single

mHttex1 aggregates, the role and the oligomeric state of

DNAJB6b during mHttex1 aggregation, and the less-ordered

structure in FUS condensates with the high spatiotemporal res-

olution that confocal fluorescence microscopy allows and in a

high-throughput manner by fluorescence-assisted cytometry

sorting (FACS).

RESULTS

Sensor design and approach
Weaimed to develop a platform for efficient and precise intermo-

lecular FRET measurements by fusing both the donor and

acceptor to the same protein. We adopted a FRET pair previ-

ously used for monitoring protein clustering in cell membranes

to prevent intramolecular FRET changes during assembly (Ma

et al., 2017). Ma et al. removed the native linker domains of the

mVenus and mCherry proteins (VC) so that the FRET pair adopts

a rigid conformation and stabilizes intramolecular FRET to a low

level. Hence, we argued that fusing this pair to proteins that form

condensates and aggregates would reveal insights into short-

lived intermediate states and their kinetics by following the inter-

molecular FRET efficiency in time. Intermolecular FRET

increases with protein concentration, which can be measured

by direct acceptor (mCherry) excitation. This dependence of

FRET versus concentration should relate to a specific structure

of the assembly: while freely moving fluorophores interact

randomly, a preferred binding site provides a dominant orienta-

tion and distance between the fluorophores. For example, at the

same protein concentration, a binding mode where the fluoro-

phores are close together would provide a higher FRET than

randomly mixed proteins. Hence, this approach will be sensitive

to changes in the relative distance between the VC domains and

their respective orientation. Thus, the method allows distinction

between ordered states based on the FRET efficiency.

Monitoring mHttex1 self-assembly in human cells
To test the method, we chose to follow the assembly and aggre-

gation of the well-studied mHttex1 with an extended polyglut-

amine stretch of Q71, the native N-terminal peptide, and the

native proline-rich domain. We fused the VC domain to the C ter-

minus to generate Q71-VC (Figure 1A) (Krobitsch and Lindquist,

2000). Fusions of GFP at the C terminus of mHttex1 have been

characterized extensively. We expected the FRET efficiency to

increase as the distance between donors and acceptors

decreased but to be modulated by the orientations sampled be-

tween the fluorophores; in the case of Q71-VC, the VC could take

up various orientations, also within a fibril. As observed by

confocal fluorescence microscopy, transfection and expression

of Q71-VC in HEK293t cells led to the corresponding aggregates

(Figure 1B). Subsequent cell lysis and SDS-PA gel electropho-

resis showed that the constructs were expressed intact and

generated the typical SDS-insoluble aggregates (Figure S1C).

To confirm the FRET mechanism and the expected static prop-

erties of the aggregate, we determined the fluorescence recov-

ery after photobleaching (FRAP) of the acceptor (Figures S1A

and S1B). Indeed, bleaching the acceptor gave a substantial in-

crease in donor emission, confirming a high FRET efficiency.



Figure 1. Tagging mHttex1 with the VC domain allows detailed observation of the aggregation progression in HEK293t

(A) Design of the probe and cartoon of the sensing mechanism. The mVenus-mCherry FRET pair (VC) is fused to the C terminus of mHttex1. Closer association

between mHttex1 peptides increases the intermolecular FRET between the VC tags (N17, native N-terminal peptide; polyQ, polyglutamine; polyP, proline-rich

domain). Next to intermolecular distance changes, the VC pairs could take up various relative orientations (also in the fibrillar state), influencing FRET.

(B) Fluorescence intensities and ratiometric images of Q71-VC in time measured by confocal microscopy 24 h after transfection. Excitation: 488 nm; emission:

505–555 and 600–700 nm.

(A andC) Quantifications of single-cell Q71-VC intensity in foci (A) and cytoplasm (C) (top) and the corresponding FRET ratios (bottom) over time. This cell displays

a 20-min-stable low-FRET state.

(D) Higher resolution images of theQ71-VC aggregate showing the fiber-like sparkles at its periphery. Top: themerge of mVenus, FRET, and bright-field channels.

Bottom: the ratiometric image of FRET/mVenus channels.

(E) FRET/mVenus ratios of Q25, Q39, Q54, and Q71 labeled with VC plotted versus the mCherry intensity 24 h after transfection. The data for the foci, the

cytoplasm, and the VC control are compared. The VC control is a single experiment performed in parallel. Each data point is from a different cell.

(F) Fluorescence and FRET/donor ratiometric images of mHttex1 with different polyglutamine lengths. Scale bars are 10 mm.

(G) FRET ratios ofmature aggregates compared for the different Q lengths. Data correspond to the aggregates of Figure S1D 48 h after transfection to obtainmore

mature aggregates. Q39-Q71 p = 0.0004 (Tukey’s test).
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Moreover, fluorescence recovery did not occur as expected

from mHttex1 aggregates. Hence, the fusion of VC to mHttex1

does not impede its aggregation behavior and gives a high

FRET efficiency.

We quantified the FRET readout by dividing the FRET channel

fluorescence (excitation at 488 nm, emission 600–700 nm) by the

donor channel (excitation at 488 nm, emission 505–555 nm) (Fig-
ure 1C). Before aggregation, the FRET/donor ratio of Q71-VC

was�0.4, equaling the control VCwithout Q71. Upon foci forma-

tion, the FRET/donor ratio was first similar to the solution state

but immediately increased, arriving at 1.3–1.4 after about an

hour. These data strongly suggest that the initial foci are structur-

ally less ordered, akin to the solution state, after which the order

increases to arrive at the final foci. This means that there are two
Cell Reports Methods 2, 100184, March 28, 2022 3



Figure 2. mHttex1 single foci ratio, size, and intensity progression with different Q lengths

(A) Progression of single-foci FRET ratios of Q39, Q54, and Q71-VC in time. Each graph is 10 foci. The moment foci emerged was set as t = 0; the data before t =

0 are the FRET/mVenus ratio in the cytoplasm.

(B) Dependence of aggregation rate on the Q length of (A). Statistics Q71-Q54 p = 0.07, Q71-Q39 p = 0.009 (Tukey’s test).

(C) Normalized FRET/Venus versus normalized area (left graph) or normalized mCherry intensity (right graph) for all data of (A).
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events on-pathway to high-FRET aggregates: first the formation

of low-FRET less-ordered foci, and second, the transition to the

high-FRET ordered state.

To further confirm the identity of the final aggregate, a higher

resolution confocal fluorescence image (Figure 1D) shows a

star-like appearance that is very similar to GFP-fused mHttex1

proteins, as observed by cryo transmission electron microscopy

(cryo-TEM) (Riguet et al., 2021), thus suggesting that the Q71-VC

eventually forms assemblies consisting of fibrils. While the

aggregate quickly depletes the cytoplasm of Q71-VC, the free

Q71-VC that is not yet incorporated retains the low FRET/donor

ratio of the VC control (Figures 1B, 1E, and S1D) with a small

dependence of the FRET/donor ratio on the probe concentration

due to intermolecular FRET. These data show that when Q71-VC

is not in aggregates, it behaves as the VC, which contains mono-

meric variants mVenus and mCherry; hence, Q71-VC is indistin-

guishable from a monomeric state when dispersed.

To verify our method with the well-known increased aggrega-

tion propensity with Q length, we replaced the 71 glutamines of

Q71-VC with 25 (Q25-VC), 39 (Q39-VC), and 54 (Q54-VC) gluta-

mines. The control VC was run in parallel with the Q-length ex-

periments. Longer glutamine stretches are known to increase

aggregate formation, while the native 25 glutamine stretch

does not aggregate inside cells. Indeed, we do not observe ag-

gregates for Q25-VC under our conditions (Figures 1F, S1D, and

S1E), which have FRET/donor ratios with an equal dependence

on the concentration as the control VC (Figure 1E). The ratios

of the final foci of Q39, Q54, and Q71 decrease somewhat with
4 Cell Reports Methods 2, 100184, March 28, 2022
1.6 ± 0.18, 1.53 ± 0.18, and 1.48 ± 0.15 (mean ± SD; n = 60) as

the Q lengths increase for Q39, Q54, and Q71, respectively (Fig-

ure 1G). The shorter Q lengths apparently reduce the average

distance between the mHttex1 C termini. The differences are

small in comparison to the changes observed during aggrega-

tion. The number of aggregates also depends on the Q length:

Q39-VC forms aggregates in only 5% of the cells and Q71-VC

in 48% after 24 h of incubation. We further find that the concen-

tration at the onset of foci formation decreases with increasing Q

length in the order of Q39 > Q54 > Q71, with 9.2 ± 1.9, 7.4 ± 1.7,

and 3.5 ± 1.7 (SD; n = 10), respectively. Hence, even though

longer Q stretches aremore prone to aggregate, the eventual ag-

gregates have a similar structure.

The method allowed us to obtain detailed kinetic information

at the single-focus level (Figure 2A), andwe analyzed the kinetics

of the transition fromdisordered assemblies to the fibril-like state

for the different Q lengths. In most cases, the FRET/donor in-

crease of the foci has a smooth and somewhat sigmoidal

appearance; the overall structure of the aggregate matures

continuously without long-term stalling at an intermediate state.

However, in a few cases, the FRET/donor ratio stalls at the initial

low-FRET level for up to 20–60min before increasing (Figure S2).

Fitting the data from the subsequent steep increase to an expo-

nential decay allows the comparison of the kinetics of the transi-

tion in the foci and the determination its apparent half-life, t1/2
(Figure 2B). We find that Q71-VC transits to the fibril-type aggre-

gates with t1/2 = 73 ± 30 min (±SD; n = 10) and Q54-VCwith t1/2 =

121 ± 43 min (±SD, n = 10). Q39 has the longest half-time with
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141 ± 62 (±SD; n = 10). Hence, the Q length increases the rate of

the first step that involves forming stable assemblies, as well as

the rate of the second stage that involves the transition to fibril-

type assemblies.

We next determined the relative aggregate size (surface area)

and mHttex1 density (mCherry intensity) (Figure 2C) during the

structural transition of the mHttex1 foci. If the transition of the

focus follows the same mechanism, we would observe a consis-

tent relation between the surface area, density, and assembly

structure. Indeed, although the aggregate surface area and

mCherry intensity are highly heterogeneous in time between

cells and Q lengths (Figures S1G and S1H), fitting the FRET ratio

versus the normalized parameters rendered a similar relation for

all conditions. Thus, the degree order in the foci follows its rela-

tive size and density, independent of Q length or cell-to-cell

variation.

Together, the application of the probe in human cell lines al-

lows the observation of single-foci structural progression from

a less-ordered to a fibril-type state. Both aggregate occurrence

and aggregate progression follow the typical kinetic depen-

dence on Q length, while the progression occurs structurally in

a similar manner.

Spatiotemporally resolved mHttex1 transition in yeast
The VC probing method can directly compare mHttex1 aggre-

gation intermediates and kinetics between yeast and human

cells: yeast is a model organism to study mHttex1, although

yeast aggregates form solid inclusions instead of macroscopic

fibrils (Gruber et al., 2018). To this end, we loaded Q72-VC- and

control-VC-expressing yeast cells from an exponentially

growing culture in a microfluidics chip to follow aggregation un-

der controlled environmental conditions (temperature, nutri-

ents, pH) in individual cells (Crane et al., 2014). Expression

was induced with 0.2% galactose on-chip. To resolve the

different aggregation states, we measured individual cells every

20 min for 15 h by widefield fluorescence microscopy (Figures

3A and 3E). The control VC displayed stable ratios throughout

the experiments with low dependence on the concentration

(Figure S3A). For Q72-VC, on the other hand, the first foci ap-

peared after 338 ± 131 min (±SD). The size of the foci increased

over time as expression continued and resulted in large aggre-

gates or inclusions.

When analyzing the single-cell traces in time, we find that

the FRET/mVenus ratios in the assemblies first increase

slowly, followed by a faster increase (Figures 3B and S3B).

The stars in Figures 3B and 3E indicate the transition from

the phase of slower increase to the phase of faster increase;

the transition occurs at a FRET/mVenus ratio between 1.1

and 1.3. At lower FRET/mVenus ratios, the ratio is concentra-

tion dependent, as assessed from direct acceptor excitation

(Figure 3C), while the FRET/mVenus becomes concentration

independent at higher ratios after the transition. We interpret

these changes in FRET/mVenus ratios as showing a structural

transition between a less-ordered (low-FRET) early and an or-

dered (high-FRET) late state of the Q72-VC assembly. The

duration of the less-ordered state varies significantly, with life-

times between 100 and 700 min (Figure 3E). When averaging a

subset of the cells that display the transition to a high FRET/
donor ratio (8 out of 16) (Figures 3D and S3B), we observe

that the aggregation proceeds through the typical aggregation

curve with t1/2 = 42 ± 4 min (±SE; n = 8). Thus, while the dura-

tion of the less-ordered state varies, the transit to the high-

FRET state occurs with similar kinetics once they enter the

transition point. The remainder of the cells display assemblies

that do not transform into high-FRET assemblies (FRET/donor

remains <1.5; Figure S3C) during the duration of the experi-

ment (15 h); they may well do so at later time points. In line

with previous observations that yeast aggregates form solid

inclusions instead of macroscopic fibrils (Gruber et al.,

2018), we see that the FRET/donor ratio in the yeast high-

FRET assemblies is unstable, contrasting with the stable

fibril-type aggregate readouts in mammalian cells. This sug-

gests that there are additional structural rearrangements in

the high-FRET yeast aggregates.

Assessing the ratiometric images (Figure 3A), we see spatial

heterogeneity in the FRET/donor ratios inside some of the aggre-

gates along the aggregation trajectory, where assemblies with

low FRET/donor ratios already contain an area with the high

FRET/donor ratio of the aggregate (e.g., see Figure 3A;

700 min). This likely means that after the first nucleation event

that results in less-ordered foci, we resolve the appearance of

a second-phase transition within the less-ordered foci. Further,

in contrast to mammalian cells, the ratios outside high FRET/

donor aggregates also increase steadily (Figures 3B and S3D),

suggesting more widespread aggregation. Indeed, as aggrega-

tion proceeds, multiple visible aggregates appear in the cyto-

plasm, especially for cells with very high expression levels, as

noted previously for yeast (Gruber et al., 2018).

The division time of a yeast cell is a readout of cell fitness.

There is a natural variation in division times of genetically iden-

tical yeast cells grown under these well-controlled conditions

(Janssens and Veenhoff, 2016). Interestingly, we find that the

timing of the appearance of the focus somewhat correlates

with the number of divisions a cell completes during the

recording, where foci appear later in the faster-dividing cells (Fig-

ure 3F). Cell fitness, as measured by the division time, is a com-

plex phenotype, and therefore we do not expect stronger corre-

lations than those observed. Moreover, we find that foci that do

not undergo a transition within the duration of the experiment

almost exclusively originate from yeast cells that maintain their

division frequency under 200 min per division (Figure 3G). These

correlations suggest that fitter cells have a higher protein homeo-

stasis capacity, which delays the appearance of the focus aswell

as the transition to the high-FRET state.

Together, the mHttex1 aggregation monitored with this sensor

in yeast cells shows several distinct features: (1) a variable dura-

tion of the low-FRET state but a similar half-time of the transition

to the high-FRET state between the foci, (2) the transition from

the less-ordered to ordered aggregate is spatially and temporally

resolved akin a nucleation event, (3) later foci appearance and

absence of high-FRET foci in more fit, faster-dividing cells, and

(4) in the later stages of aggregation, widespread condensa-

tion/aggregation occurs throughout the cytoplasm. Strikingly,

while the less-ordered state is more stable in yeast than in

HEK293t cells, the transition kinetics from the less-ordered to

the fibril-type state is similar.
Cell Reports Methods 2, 100184, March 28, 2022 5



Figure 3. Long-term imaging of individual yeast cells reveals distinct phases of mHttex1 aggregate progression

(A) Ratiometric images of a representative yeast cell expressing 72Q-VC. The cell outline is indicated with a white dotted line. The early low-FRET assemblies are

visible in the Venus channel (not shown) but invisible in the ratiometric image, as their FRET ratio is similar to the cytosol. The white numbers correspond to the

markings in (B). Scale bar is 5 mm.

(B) FRET/mVenus ratios plotted against time for the cell displayed in (A).

(A and C) The cytoplasm (C) is shown in pink and the aggregate (A) in dark red. When additional small foci appear at later stages, a cytoplasmic region without

aggregates is difficult to distinguish, and FRET/mVenus ratios are shown in orange (A and C). When the FRET/mVenus ratio in the aggregate starts to increase

steeply is indicated with a star.

(C) FRET/mVenus ratios from the cytoplasmic, aggregate, and mixed regions plotted versus the mCherry signal. The acceptor’s fluorescence intensity is a direct

indication of the probe concentration.

(D) Eight single-cell trajectories aligned to the time point (*) at which the FRET/mVenus ratios transition to higher FRET/donor values. The transition point was set

as t = 0, and trajectories ±200 min were plotted. The bold red line represents the average.

(E) Fold change in aggregate FRET ratios plotted in time for each cell and aligned at the transition point indicated by a gray line and a star.

(F) The timing of the first appearance of the focus correlates with the division time plotted as the number of divisions completed by each cell during the experiment

(R2 = 0.4713, p = 0.0023).

(G) Cells that harbor foci with lower FRET divide faster (Mann-Whitney test, p = 0.0101) than those that transitioned to higher FRET foci.
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DNAJB6b delays the onset of mHttex1 aggregation
One of the advantages of the method is that it allows for an

easy combination with a second genetic intervention. The

chaperone DNAJB6b is an excellent case study because it
6 Cell Reports Methods 2, 100184, March 28, 2022
prevents polyQ aggregation by inhibiting early oligomer forma-

tion (Kakkar et al., 2016). We co-transfected and expressed

DNAJB6b and Q71-VC in HEK293t cells and compared the

resulting confocal fluorescence images with Q71-VC alone



Figure 4. High-throughput measurement of DNAJB6b suppression of mHttex1 aggregation
(A) Fluorescence intensities and ratiometric images of Q71-VC with and without co-expression of DNAJB6b. Scale bars are 10 mm.

(B) FRET versus mVenus channel of Q71-VC, Q25-VC, co-transfection with DNAJB6b, and VC-DNAJB6b in HEK293T cells as obtained by FACS showing clear

differences in populations. Biological replicates are shown in Figure S5.

(C) Violin plots of the individual FRET/donor ratios obtained by FACS in (B).

(D) Left: diagram illustrates the percentage of high-FRET cells at different Q71-VC expression levels when cells are co-transfected with different amounts of

DNAJB6b plasmid. Right: density maps of FACS data show the distribution of cells in FRET-ratio versus protein-expression levels, demonstrating two separate

groups of Q71-VCwhenQ71-VC is co-transfectedwithout andwith DNAJB6b plasmid (DNAJB6 plasmid amount corresponds to white line in the left graph). Cells

were fixed with 4% paraformaldehyde (PFA). Cells were imaged 24 h after transfection.
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(Figure 4A). Co-expression of DNAJB6b strongly reduced the

number of Q71-VC aggregates, and only a few aggregates re-

mained. The FRET/donor ratio of Q71-VC aggregates with and

without DNAJB6b is similar (Figure S4A), and the foci with lower

FRET/donor ratios were observed with the same frequency as

those without DNAJB6b, that is, 3% below 0.6 and 9% below

0.8, for both Q71-VC without DNAJB6b (n = 117 foci) and with

DNAJB6b (n = 59 foci). These data suggest that the DNAJB6b

does not prominently stabilize foci with a less-ordered structures

along the aggregation pathway.

A powerful application of this approach is the possibility of

rapid assessment of chaperone-induced inhibition by FACS (Fig-

ure 4B). We compared the absence and presence of DNAJB6b

on Q71-VC aggregation in many cells. By plotting the FRET

channel versus the donor channel as a measure for the FRET/

donor ratio, we find a single main population for the Q25-VC

with a slope that depends on the FRET efficiency, while the
Q71-VC data show a distinct additional population correspond-

ing to the higher FRET/donor ratio of the aggregate. We analyzed

the FACS data by visualizing the FRET/donor-ratio densities in

violin plots (Figure 4C). We find that the main population with

lower FRET/donor ratios is present in all experiments while the

Q71-VC shows a well-populated segment with a FRET/donor ra-

tio >2, which presumably contains the fibril-like aggregate state.

Confirming our microscopy experiments, co-expression of the

DNAJB6b reduces high-FRET, fibril-like Q71-VC aggregate for-

mation (Figures 4C and S5). Hence, the method allows FRET

measurements by FACS.

To obtain more mechanistic insights into the functioning of the

chaperone, we subsequently titrated DNAJB6b to the Q71-VC-

expressing cells, measured the cells with FACS, and plotted

the frequency of high-FRET cells versus the mHttex1 expression

level, as determined from direct acceptor excitation, as a

phase diagram (Figures 4D, S4B, and S4C). The populations of
Cell Reports Methods 2, 100184, March 28, 2022 7
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low- and high-FRET cells are clearly separated in FACS, while

microscopy shows a clear continuous transition at the single-

foci level. The FACS data further show that DNAJB6b increases

the mHttex1 concentration needed to obtain the fibril-type ag-

gregates. We applied a simple kinetic model, classical nucle-

ation theory, which was previously used to obtain insight into

phase separation of mHttex1 and other proteins (Posey et al.,

2021; Crick et al., 2013). In this analysis, the degree of supersat-

uration of mHttex1 and the nucleation energy barrier determine

the nucleation rate. The degree of supersaturation is themHttex1

concentration c with respect to its saturation concentration cs
and is defined as S = ln(c/cs). In our system, as shown by micro-

scopy experiments, there would be two nucleation events: first

from a dispersed state to the disordered assemblies and second

from the disordered assemblies to the ordered state. In our hu-

man cell experiments, the second state always immediately fol-

lows the first, indicating that the first step is rate determining, and

our analysis provides information on the first step. We assume

that the cells with a transition at the lowest Q71-VC concentra-

tion in FACS are closest to the actual Q71-VC saturation concen-

tration, hence, where c/cs. We take the Q71-VC concentration

at which 50% of the cells have converted to the high-FRET state

to determine the degree of supersaturation where most cells are

forming aggregates. We thus find that under our expression con-

ditions, most aggregates form at a supersaturation of S = 0.48 ±

0.05 (n = 3 biological replicates; ±SD).

Using the same approach in the presence of DNAJB6b, we

find that the saturation concentration cs of Q71-VC increases

up to 5.6 ± 1.8-fold (n = 3 biological replicates; ±SD). However,

the degree of supersaturation S to form most aggregates re-

mains strikingly similar with S = 0.46 ± 0.08 (n = 3 biological rep-

licates; ±SD). The simplest explanation is that the presence of

DNAJB6b increases Q71-VC solubility but does not influence

the nucleation mechanism significantly. Given these observa-

tions, which are supported by literature (Kakkar et al., 2016;

Mansson et al., 2014b), we hypothesize that DNAJB6b tran-

siently binds Q71-VC (or small soluble clusters thereof) to in-

crease Q71-VC solubility. At higher Q71-VC concentrations

beyond the buffering capacity of DNAJB6b, irreversible aggre-

gation captures DNAJB6b into the aggregates (see below).

Probing the oligomerization properties of DNAJB6b
DNAJB6b has been shown to form oligomers in buffer, which

may affect its functioning (Mansson et al., 2014b; Soderberg

et al., 2018; Karamanos et al., 2020). To observe whether the

chaperone oligomerizes in the cell and if oligomerization is

needed to inhibit mHttex1 aggregation, we tagged the DNAJB6b

with the VC to generate VC-DNAJB6b (Figure 5A). The VC was

fused to the N terminus of DNAJB6b to prevent inhibition of

the active serine/threonine-rich domain located near the C termi-

nus of DNAJB6b (Kakkar et al., 2016). Transfection and expres-

sion lead to a single VC-tagged protein, as assessed by SDS-PA

gel electrophoresis (Figure S4D). Monitoring the VC-DNAJB6b in

cells by confocal microscopy gave FRET/donor ratios equal to

the VC control, with a similar dependence on the probe concen-

tration (Figures 5B and 5C). Dispersed VC-DNAJB6b is thus

indistinguishable from the monomeric VC. Further, the FRET/

donor ratios of VC-DNAJB6b were homogeneous throughout
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the cytoplasm, suggesting an absence of any local oligomeriza-

tion or self-assembly under the conditions used. We did notice,

however, an additional population with higher FRET/donor ratios

in FACS (Figure 4C). This population occurred at the highest

expression levels, and both the FRET ratio and fraction were

highly dependent on the experiment. Nonetheless, the method

allows the observation of VC-DNAJB6b oligomerization, but

this does not occur under more controlled conditions in

microscopy.

We next studied the VC-DNAJB6b oligomerization behavior in

the presence of unlabeled Q71 (Figures 5B and 5C). The Q71 did

not influence the FRET efficiency of dispersed VC-DNAJB6b,

which remained similar to the VC. Foci appeared with a similar

frequency as Q71-VC with unlabeled DNAJB6b: labeling Q71

with GFP showed that VC-DNAJB6b and Q71 co-localize in

these foci (Figure S4E), confirming previous observations (Gillis

et al., 2013). This co-assembly is not due to the VC domain, as

the control VC does not localize with Q71 (Figure S4E). VC-

DNAJB6b that co-localizes in aggregates displays, however, a

higher FRET/donor of �0.6 than in the cytoplasm, where it has

a ratio of�0.4. The increase in FRET could be due to the capture

of DNAJB6b oligomers in the Q71 aggregates, as previously

determined for DNAJB6b incorporation in amyloid-b (Osterlund

et al., 2020). Additional quenching by the Q71 fibrils could further

influence the ratio. The VC-DNAJB6b is locked in the aggre-

gates, as the fluorescence did not recover after photobleaching

(Figure S4F). Photobleaching the acceptor showed an increase

in donor intensity, indicative of the presence of FRET. The

DNAJB6b distribution somewhat displays a corona in most ag-

gregates (�80%) 48 h after transfection, where fluorescence

increased by about 50% at the rims. The FRET/donor was inde-

pendent of corona formation or localization in the corona (Fig-

ures 5D and 5E), suggesting similar environments for the

DNAJB6b. Together, VC-DNAJB6b can co-aggregate with Q71

aggregates, increasing the FRET/donor ratio, indicative of a

non-random structure but with less order than the mHttex1

aggregates.

FUS condensates display expected condensates with
less order
To verify that themethod can probe condensate-type structures,

we applied the method to the FUS protein often associated with

condensate formation. FUS condensates have mutation-depen-

dent dynamics and structure in buffer with varying RNA affinity

(Niaki et al., 2020; Patel et al., 2015). We selected wild-type

FUS and a common pathogenic mutant. Wild-type FUS is trans-

ported into the nucleus, while mutations in the nuclear localiza-

tion signal (NLS) retain FUS in the cytoplasm, where it forms

condensates and sequesters RNA.

To determine the influence of the VC domain on FUS localiza-

tion, we first determined the VC fusion site. Fusion at the N ter-

minus (VC-FUS) displays native-like behavior by localizing in

the nucleus in a dispersed state, while fusion at the C terminus

(FUS-VC) (Figures 6A, 6B, S6A, and S6B) hampers localization

in the nucleus and forms foci in the cytoplasm. Hence, we

selected the VC-FUS for further studies.

The slope of a linear fit of the FRET versus the donor channel

provides the FRET/donor ratio of the assemblies or the



Figure 5. Tagging chaperone DNAJB6b allows evaluation of oligomerization during co-assembly with Httex1

(A) The VC-DNAJB6b design and schematic of VC-DNAJB6b inclusions in mHttex1 aggregates.

(B) VC-DNAJB6b co-transfected with and without Q79. Ratiometric images show an increase in FRET in the few foci. Foci and condensates are not observed

without Q79. Scale bars are 10 mm.

(C) VC-DNAJB6b FRET/donor ratio versus the protein concentration with (right panel) and without (left panel) Q79. Every data point is a cell. VC control is from the

same experiment run in parallel.

(D) Images of representative corona and homogeneous VC-DNAJB6b and mHttex1 Q71 complexes.

(E) The intensities and FRET ratio profiles of red lines of (D) showing no dependence of the FRET ratio on the intensity. Cells were imaged 48 h after transfection.
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dispersed states while comparing the same concentration re-

gimes (Figures 6C, 6D, and S6C) (Liu et al., 2017). The FRET/

donor of the dispersed VC-FUS overlaps with that of the control

VC, and both proteins likely have similar monomeric and diffu-

sive properties.

We next assessed the structure of the condensate-forming

pathogenic R521C mutant that is associated with amyotrophic

lateral sclerosis (ALS) (Belzil et al., 2009; Blair et al., 2010; Yama-

moto-Watanabe et al., 2010). This mutant binds RNA more

tightly in cells than does the wild type, leading to static com-
plexes in a buffer (Niaki et al., 2020), and weakens the binding

with karyopherin b2 (Zhang and Chook, 2012), a transportin

that carries various RNA-binding proteins to the nucleus. Mea-

surement of the VC-FUSR521C by confocal fluorescence micro-

scopy showed that the mutation induced cytoplasmic foci (Fig-

ure 6B) with a dispersed fraction in the nucleus and cytoplasm.

Complete bleaching of the foci by FRAP led to a rapid recovery

of 2.1 ± 1.0 s (SD; n = 2), suggesting a rapid exchange of the

components with the cytoplasm. Interestingly, the VC-FUSR521C

foci increased the FRET/donor by 0.15 ± 0.9 (±SD; n = 3)
Cell Reports Methods 2, 100184, March 28, 2022 9



Figure 6. FUS mutants form foci with distinctly different structures

(A) The structure of wild-type FUS (LC, low complexity domain; NES, nuclear export signal; RRM, RNA recognition motif; NLS, nuclear localization signal).

(B) Probe design of VC-FUS and the corresponding fluorescence intensity images of HEK293t cells transfected. The wild-type and the R521C mutation are

depicted. Scale bars are 10 mm.

(C) FRET channel plotted versus mVenus channel for the different FUS constructs. The data in the foci, cytoplasm, and nucleus were analyzed separately, and

eachwas fitted to a linear equation for comparison with the same VC control. Each data point is a different cell. A representative biological replicate is displayed in

Figure S6.

(D) Comparison of the slopes as in (C) that represent the FRET/donor ratio for VC-FUSR521C locations and two biological replicates. Error bars are the error in the

fit. All samples are 48 h after transfection.
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compared with its dispersed state in the cytoplasm or nucleus.

The increased FRET/donor suggests that the fluorophores are

situated more closely or with a favorable orientation within the

condensate, hence with more order than random diffusion in

the cytoplasm.

To test if the increase would be the same for other FUS con-

densates, we compared our findings with the FUS-VC foci.

Compared with its dispersed state, these foci provide a some-

what lower average FRET/donor ratio increase of 0.06 ± 0.03

(±SD; n = 3). Also, here, full bleaching of the FUS-VC foci led

to rapid recovery with a t1/2 of 2.2 ± 0.8 s (SD; n = 3) (Figures

S6D–S6G). The FUS-VC foci split and fused during the experi-

ment, and their FRET/donor ratios did not change in time (Fig-

ures S6H and S6I). The R521C mutation showed a minute

increase in the FRET/donor ratios for the FUS-VCR521C foci of

0.03 ± 0.02 (±SD; n = 3; Figure S6). The FUS-VCR521C construct
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provided a recovery half-time of 2.1 ± 0.7 s (SD; n = 3) from FRAP

by full bleaching, suggesting a similar rapid exchange of compo-

nents. Thus, foci formed by the FUS constructs have similar par-

titioning dynamics and low degrees of order, as expected from a

condensate, while small structural differences between the foci

of the different FUS constructs remain.

DISCUSSION

Ubiquitous protein assembly in cell biology results in diverse and

dynamic architectures that are often part of their biological func-

tion. Here, we apply a method that allows better monitoring of

the corresponding structural transitionswith high spatiotemporal

resolution. We show that by fusing an mVenus-mCherry domain

to the well-studied aggregating protein mHttex1, the chaperone

DNAJB6b, and the condensate-forming FUS, we can distinguish
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between different assembly structures and can measure their

interconversion resolved in space and time.

The readout is exceptionally sensitive to the assembly struc-

ture at the distance of �2–10 nm: The high nonlinear FRET

dependence on the distance and the orientation between the flu-

orophores provides a unique sensitive signature of a particular

structure. The relation between the FRET efficiency and struc-

ture can deviate because a fraction of ideally localized fluoro-

phores may change the average FRET disproportionally, and

competing donor quenching by fibrils may alter the readout (Ka-

minski Schierle et al., 2011; Laine et al., 2019). Nonetheless, a

high FRET efficiency should relate to highly ordered aggregates,

while unstructured condensates will have the same concentra-

tion dependence of the FRET efficiency as freely diffusing pro-

teins. Any deviation should result from specific interactions or

preferred orientations between the probed proteins, providing

a fingerprint for a given assembly. With these considerations in

mind, we have shown that the probing method samples struc-

tures ranging from disordered condensates to fibril-type aggre-

gates and their transitions at the single-focus level.

The mHttex1 aggregation pathway appears to embark from

a more disordered assembly, as the first foci invariably have a

low FRET/donor ratio, similar to the foci formed by the FUS

proteins and close to that of the VC control. Previously, Pe-

skett et al. showed a liquid-like state in mHttex1 assembly

(Peskett et al., 2018), which would indeed correspond to our

low FRET values. Various aggregating proteins have been

shown first to form a liquid-type condensate before aggrega-

tion (Mathieu et al., 2020), including mHttex1 (Peskett et al.,

2018). After the first disordered foci, a structural transition oc-

curs toward the fibril-type state. The fibrillar nature follows

from the SDS insolubility, FRAP experiments, and fluores-

cence microscopy. The high FRET would originate from the

tighter packing of monomers in fibrils, while additional

donor-quenching pathways are also possible. In mammalian

cells, this transition starts immediately after foci appearance,

while the disordered state is a more stable intermediate in

yeast cells. The stepwise nature of the aggregation is clear

from the spatiotemporally resolved appearance of high-FRET

focus from within a low-FRET focus. We can extract that the

first nucleation event would reflect the formation of a disor-

dered structure, and the second, the formation of the fibrillar

structure. The gradual increase in FRET over the entire assem-

bly after the second nucleation would align with increasing

fibril content. A two-step transition has also been seen in

buffer upon deletion of the N17 peptide, while the full-length

variant provided immediate fibrils (Crick et al., 2013). One

may speculate that in cells, the activity of the N17 peptide is

modulated to induce a two-step transition, albeit that there

are many other competing possibilities in the complex and

confined intracellular environment. Nonetheless, it appears

that protein-homeostasis fitness strongly delays the transition

to the highly ordered state, as we deduce from the yeast divi-

sion time in long-term (>10h), single-foci measurements.

We see that the chaperone DNAJB6b inhibits the nucleation of

Q71-VC foci, as demonstrated by the microscopy experiments

and the increase in saturation concentration of mHttex1 due to

the presence of DNAJB6b. After that, the aggregation occurs
with a similar dependence on the supersaturation as without

DNAJB6b, suggesting that the DNAJB6b is simply out buffered.

This mechanism follows the proposed mechanism of DNAJB6 in

buffer and in cells as well as that proposed for some other chap-

erones (Mansson et al., 2014a; Posey et al., 2018). The encapsu-

lation of VC-DNAJB6b by the aggregates does not appear to

destabilize the aggregates and does not lead to an increase in

soluble mHttex1, suggesting that the DNAJB6b only acts at

the soluble state of mHttex1. The DNAJB6b is likely dispersed

and monomeric when functional against mHttex1 aggregation,

althoughwe cannot exclude that an oligomeric form of DNAJB6b

retains functionality.

The method based on the VC domain may in the future be

expanded to determine changes in the architectures of protein

assemblies during cell stress or aging and also where, for

example, dimers or trimers with a fixed architecture are

dispersed in the cytoplasm. It allows for the comparison of pro-

tein self-assembly under controlled conditions in buffer and cells

to determine what influences the assembly architecture. It can

be expanded to native proteins and allows localization in various

compartments by fusion to localization tags. In addition, the

method can generate data in an ensemble and high-throughput

fashion by FACS or screening in multiwell arrays by confocal mi-

croscopy. The extent of structural information can be multiplied

by using time-resolved anisotropy measurements, fluorescence

lifetime imaging, or fluorescence correlation spectroscopy, all of

which could, in principle, be combinedwith themethod based on

the VC moiety. The simplicity of ratiometric imaging combined

with proper controls allows straightforward access to great detail

in the structural order in space and time and the simultaneous

monitoring of biological function with orthogonal assays. These

assets enable distinguishing structures and intermediate ki-

netics, benefiting the study of the biological consequences of

the assembly. Together, this highly sensitive method opens up

additional routes to investigate the properties of condensates

and aggregates in living cells.

Limitations of the study
Fluorescent protein fusions influence the aggregation behavior

of proteins (Riguet et al., 2021) (Laine et al., 2019; Peskett

et al., 2018; Xu et al., 2020). However, the VC-tagged proteins

mostly recapitulate known mutation-dependent transitions and

assembly behavior: (1) the glutamine-length dependence of the

VC-Q series follows the established glutamine dependence, (2)

intermediate phases in mHttex1 aggregation also have been

shown to occur in a buffer without fluorescent protein fusions

(Posey et al., 2018), (3) the VC does not dominate VC-DNAJB6b

binding to Q71 because the VC control does not bind Q71, (4) the

VC-DNAJB6b retains its activity by preventing Q71 aggregation,

and (5) the tag influences FUS-condensate formation depending

on the terminus tagged, while the 521Cmutation always induces

expected assemblies. Moreover, we use the monomeric ver-

sions of the fluorescent proteins to reduce any interactions be-

tween the fluorescent proteins themselves. Nonetheless, the in-

teractions of the fluorescent proteins may influence protein

behavior that should be assessed for each study.

Previous comparable fluorescent-protein-based methods,

such as the DAmFRET method based on photoconverting half
Cell Reports Methods 2, 100184, March 28, 2022 11
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of the donor into an acceptor, have shown important mecha-

nistic insights after high-throughput screening using FACS

(Nuckolls et al., 2020; Posey et al., 2021; Kandola et al., 2021).

In principle, the same data and mechanistic inferences are also

available from the VC method presented here. The VC tag is

larger than a single fluorescent protein in the other methods,

whichmay influence its behavior. However, the VC tag has ama-

jor asset in that it allows precise imaging with high spatiotem-

poral resolution, continuously over long periods of time at the

single-focus level that reveal kinetics of transient intermediates,

in combination with second genetic interventions. Hence, the

combination of such methods provides an extensive toolbox to

determine the interactions of fluorescent-protein-tagged self-

assembling proteins.
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Software and algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

Prism GraphPad, version 9.1.2 for Windows GraphPad Software www.graphpad.com

FlowJo V7.6.1/V.10.7.2 BD Life Sciences https://www.flowjo.com/

R studio (R version 4.0.4) RStudio https://www.rstudio.com/

Origin 2018 OriginLab Corporation https://www.originlab.com/

Other

Matrix for ALCATRAS microfluidic device Matt Kaeberlain (Crane et al., 2014)

Fine Bore Polythene Tubing Smiths medical Cat#: 800/100/120

Luer-LokTM Syringe 10mL BD Plastipak Cat#: 305959

25G needle BD Microlance Cat#: 300600

Syringe without needle 1mL Terumo Cat#: SS+01T1

Glass bottom culture dishes 50 mm uncoated MatTek Cat#: P50G-1.5-14-F

Leica TCS SP8 confocal microscope Leica N/A

8-well Lab-TekTM Chambered Coverglass ThermoFisher Cat#: 155411

DMEM, high glucose, HEPES, no phenol red Gibco Cat#: 21063

Opti-MEMTM I Reduced Serum Medium Gibco Cat#: 31985

BECKMAN COULTER MoFlo Astrios Cell Sorter Beckman Coulter N/A

CellTrisTM Disposal Filters 100 mm Sysmex Cat#: 04-0042-2318

PS Cytometry tubes, 5 mL, 75X12 mm Sarstedt Cat#: 55.1579

ChemiDoc MP imaging system BIO-RAD Cat#: 17001402
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RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Arnold J. Boersma

(boersma@dwi.rwth-aachen.de).

Materials availability
DNA plasmids that are used in this study are made available from the lead contact.

Data and code availability
d Analysis data has been made available through Zenodo (https://doi.org/10.5281/zenodo.6044649). Microscopy images re-

ported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian cell culture
HEK293T cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at

37 �C with 5% CO2. HEK293T cells are of female origin. Cells have been authenticated by ATCC.

Yeast cell culture conditions
Yeast cells (S. cerevisiae: Strain background BY4741) were pre-cultured overnight at 30�C, 200 rpm in Synthetic Drop-out media,

lacking uracil (SD - ura), and supplemented with 2% glucose. Afterward, cells are transferred to SD – ura, supplemented with 2%

raffinose, 0.1% glucose for 24 hours before loading into the microfluidic device. The supplementation with glucose is essential to

repress any leaky expression from the GAL1 promoter and prevent premature aggregation during the experiment. The 72Q or control

probe expression is induced with 0.2% galactose on-chip. The cells loaded onto the chip are from an exponentially growing culture

with OD600 = 0.4-0.6.
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METHOD DETAILS

Mammalian plasmids constructs
pMCS (Addgene, 90411) containing Venus-mCherry was bought from Addgene. mHttex1 (Q71/Q25), FUSWT, DNAJB6b were gener-

ated from pEGFP-Q71, pEGFP-Q25, pFUS, pDNAJB6b plasmids kindly provided by HarmH. Kampinga. mHttex1 Q54 andQ39were

synthesized by GeneArt (ThermoFisher). Q71/54/39/25 sequences were subcloned into the pMCS plasmid, and Venus-mCherry was

subcloned to pFUS and pDNAJB6b by sequence and ligation-independent cloning (SLIC) method to obtain pVC-Q71/54/39/25,

pVC-FUSWT, pFUSWT-VC, and pVC-DNAJB6b. FUS mutants pVC-FUSR521C and pFUSR521C-VC were generated from pVC-FUSWT,

pFUSWT-VC by site-directed mutagenesis.

Yeast plasmid constructs and strains
pYES2 vectors containing 72Q-mVenus-mCherry or mVenus-mCherry control were synthesized by GeneArt (ThermoFisher). The

gene is under the control of the galactose inducible, glucose repressible GAL1 promoter. Yeast cells were transformed according

to the LiAc method.

Mammalian cell transfection
For microscopy, cells were seeded into 8-well Lab-TekTM Chambered Coverglass (ThermoFisher), 1.03105 cells in 200 ml growth

medium (DMEM+10%FBA+1%P/S) for each well. For PAGE gel and FACS experiments, cells were plated into 12-well plates,

4.03105 cells in 1 mL growth medium for each well. One day after plating, when the confluency reached 70-90%, cells were trans-

fected using Lipofectamine 2000 (ThermoFisher) according to the manufacturer’s instruction. For each well of the 8-well Lab-Tek

slide, 1 ml Lipofectamine and 250 ng plasmid were diluted with 25 ml Opti-MEM I Reduced Serum Medium (Gibco) separately and

incubated for 5 min at room temperature. Then diluted DNA and Lipofectamine were combined (50 ml) and incubated at room tem-

perature for 20min followed by adding 150 ml DMEM (serum-free, antibiotic-free). Change the cell culture medium in Lab-Tek slide to

transfection complexes (200 ml) and after 6 hours the media was changed back to complete growth medium. In polyQ DNAJB6b co-

expression experiments, 125 ng of each plasmid was used. 1 mg plasmid and 4 ml Lipofectamine were used for the 12-well plate.

Before imaging, the medium was replaced with DMEM (with HEPES, no phenol red, Gibco).

Mammalian cell FRET imaging and analysis
Cells were observed in Leica SP8 confocal microscope and imaged at 37�C. The laser powers were consistent for all measure-

ments, as 3.6% for 488nm and 1% for 561nm. The excitation and emission settings are listed in Table S2. Z-stacks were acquired

with 1 mm steps to ascertain correct focus. Imaging was performed with a 633/1.35 oil-immersion objective. 8-bit images were

obtained. Images were processed with ImageJ. First, a background subtraction was applied to all images as indicated by blanc

cell samples. Areas were selected inside cells or following the shape of aggregates using manual selection tools in ImageJ com-

bined with visual inspection. In general, aggregates were clearly brighter in the fluorescent channels. All relevant parameters were

measured and exported for further analysis. The FRET channel intensity was divided by the donor intensities as indicated in the

corresponding graphs. In the case of FUS, nuclear and cytoplasmic FRET/donor could be determined separately because the FUS

constructs distributed asymmetrically. All graphs were generated and analyzed by GraphPad Prism. The kinetic curves of the

Httex1 mutants were fitted with a one phase exponential association to obtain the half-times. The linear fit to obtain the FUS

slopes was set to cross the origin.

FRET imaging in yeast cells
All experiments were performed at 30�C. Images were acquired using a DeltaVision Elite imaging system (Applied Precision (GE),

Issaquah, WA, USA) composed of an inverted microscope (IX-71; Olympus) equipped with a UPlanSApo 100x (1.4 NA) oil immersion

objective, InsightSSI solid-state illumination, ultimate focus, and a PCO sCMOS camera. Five Z-stacks were acquired with 0.5 mm

spacing, every 20 min throughout the experiment. Images were analyzed in ImageJ. The appearance of aggregates was determined

by visual inspection and the selection of the aggregate was donemanually. Generally, aggregates appeared as bright foci in the cells.

Sometimes, more than one aggregate could be detected. The nucleus was indistinguishable from the cytoplasm, and is permeable

for the polyQ monomers. The mean background fluorescence was measured in the region of one cell diameter away from the region

of interest (ROI) for each channel and subtracted from the cell’s average fluorescence. The FRET/Venus was calculated from these

background-subtracted intensities. To calculate the ratiometric images, we set the background to zero by subtracting the maximum

background fluorescence in each channel, measured in immediate proximity to the ROI. The transition point between the phases of

slow and faster increase in the FRET/mVenus ratio (indicated by a star in Figure 3) were determined as the time point where the slope

increased 3-fold or more.

FRAP measurements
The FRAP experiments were carried out in the same microscope with 100% bleaching laser power at 561nm. The mHttex1 and

DNAJB6b aggregates were bleached for 2s. FUS condensates were bleached for 0.139s for the whole assembly regions. The image

acquisitions after the bleaching shared the same settings as in Table S2. The data was exported from Leica software LAS X, and the
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Article
ll

OPEN ACCESS
graphs were generated by GraphPad Prism. To calculate the recovery half time, we first normalized the donor and FRET intensities,

and FRET/Venus ratios as below:

Dt = ðDt �DprebleachÞ
�ðDpostbleach �DprebleachÞ;
Ft = ðFt �FpostbleachÞ
�ðFprebleach �FpostbleachÞ;
Rt = ðRt �RprebleachÞ
�ðRpostbleach �RprebleachÞ;

Then the curves were fitted with one-phase exponential equations using GraphPad Prism 7.

PAGE analysis
48-well plates were used to prepare cell samples. HEK293T cells were washed with 200 mL 13PBS 24h or 48h after transfection.

Cells were then lysed with 50 mL 13SDS sample buffer with additional protease inhibitor (Roche cOmpleteTM EDTA-free protease

inhibitor cocktail), 1 mg/mL DNaseI (Roche), and 2 mM MgCl2. Cell lysates were incubated on ice for 30 min, after which 20 mL of

each sample was loaded to a 10%SDS-PAGE or a native PAGE gel. The gels were evaluated under 365nmUV light (VWRGenosmart)

to get the fluorescent images. The multi-channel fluorescent images were generated from ChemiDoc MP imaging system (Bio-Rad),

Alexa 488 (excitation: Epi-Blue 460�490 nm, emission: 532/28) for Venus, Alexa 546 (excitation: Epi-Green 520-545 nm, emission:

602/50) for mVenus&mCherry.

FACS
12-well plates were used to prepare cell samples. HEK293T cells were washed by 500ml 13PBS 24h after transfection. 0.25%

Trypsin was used to detached the cells from the bottom. Then the cells were resuspended in 1ml 13PBS after washing and centri-

fuging. After filtration with 100mm filters, the cell suspensions were measured with the flow cytometer (BECKMAN COULTER MoFlo

Astrios Cell Sorter). Cells were not fixed unless specified (Figure 4D). For fixed cells, the cells were resuspended in 4% Paraformal-

dehyde (PFA) (in PBS) and incubated for 30 min after being washed and centrifuged with PBS. Then cells were centrifuged with 350

rcf and the pellet was resuspended in PBS and stored at 4�C until being measured. All steps were in room temperature unless spec-

ified otherwise. The excitation wavelength was 488nm formVenus and FRETwith 576/21 and 664/22 detector filters. The populations

were selected as in Figures S4G–S4I. For mCherry, 561 nm laser and 614/20 filter were chosen. The graphs were plotted with FlowJo

7.6.1 or 10.7.2. Raw data was exported. Data points at the edge of detection were removed. Violin maps were generated in R studio.

The 2D diagrams were plotted with Origin 2018.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantification and statistics methods are described with the figures and in the method details section. In general, all measure-

ments have been performed as three independent biological repeats. P values were calculated using Tukey’s or MannWhitney’s test

using Graphpad Prism.
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