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In brief

When ribosomes stall during translation

of defective mRNAs, the resulting

incomplete polypeptides form detergent-

insoluble aggregates. Chang & Yoon et al.

demonstrate that threonine residues

drive this aberrant protein aggregation in

Saccharomyces cerevisiae. This study

uncovers a distinctive protein

aggregation mechanism.
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SUMMARY
Ribosomes translating damaged mRNAs may stall and prematurely split into their large and small subunits.
The split large ribosome subunits can continue elongating stalled polypeptides. In yeast, this mRNA-inde-
pendent translation appends the C-terminal alanine/threonine tail (CAT tail) to stalled polypeptides. If not
degraded by the ribosome-associated quality control (RQC), CAT-tailed stalled polypeptides form aggre-
gates. How the CAT tail, a low-complexity region composed of alanine and threonine, drives protein aggre-
gation remains unknown. In this study, we demonstrate that C-terminal polythreonine or threonine-enriched
tails form detergent-resistant aggregates. These aggregates exhibit a robust seeding effect on shorter tails
with lower threonine content, elucidating how heterogeneous CAT tails co-aggregate. Polythreonine aggre-
gates sequester molecular chaperones, disturbing proteostasis and provoking the heat shock response.
Furthermore, polythreonine cross-seeds detergent-resistant polyserine aggregation, indicating structural
similarity between the two aggregates. This study identifies polythreonine and polyserine as a distinct group
of aggregation-prone protein motifs.
INTRODUCTION

Defective mRNAs, resulting from erroneous processing or

exposure to environmental stressors such as reactive oxygen

species, UV radiation, and alkylating chemicals, can cause ribo-

somes to stall at the site of lesions.1–4 This poses two challenges

to cells: loss of active ribosomes and emergence of potentially

toxic incomplete stalled polypeptides. To resolve these prob-

lems, eukaryotic cells have evolved a mechanism to rescue

stalled ribosomes by splitting them into the large and small

subunits.5,6 Notably, the rescued large ribosome subunits are

subject to the ribosome-associated quality control (RQC)

pathway to clear stalled polypeptides, thereby overcoming

both challenges associated with ribosome stalling.7–9

Since mRNAs can be translated by multiple ribosomes

simultaneously, stalled ribosomes would collide with trailing

ribosomes, forming disomes.10,11 These disomes undergo ubiq-

uitin modification,12–15 which triggers a splitting reaction.16–20

The resultant large ribosomal subunit (LSU) with an anchored

peptidyl-tRNA is recognized by Rqc2 (in yeast and NEMF in

mammals).21,22 Rqc2 subsequently recruits the RQC E3 ligase

Ltn1,21–23 positioning its RING domain near the ribosomal exit

tunnel, which facilitates the efficient ubiquitylation of the

LSU-anchored stalled polypeptides. However, because Ltn1 is

tethered to the LSU, it cannot actively survey lysine residues in

stalled polypeptides. Consequently, Ltn1 could fail to recognize
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certain substrates that lack readily accessible lysine residues

near the exit tunnel. To overcome this limitation, Rqc2 extends

the carboxyl-termini (C-termini) of LSU-anchored stalled poly-

peptides by incorporating alanine and threonine residues.22,24–26

Extension of the C-terminal alanine/threonine tail (CAT tail)

pushes the C-terminal segments of stalled polypeptides outside

the ribosomal exit tunnel, rendering previously hidden lysine res-

idues available for polyubiquitylation.27

Rqc2 extends CAT tails by recruiting specific alanyl- and

threonyl-tRNAs to the A site of the LSU independently of

mRNA and the small ribosomal subunit.22 If CAT-tailed polypep-

tides are released from the LSU without prior ubiquitylation by

Ltn1, CAT tails themselves could act as a degradation signal

that can be recognized by other cytosolic E3 ligases.28,29 There-

fore, CAT tails facilitate the degradation of stalled polypeptides

both on and off the ribosome.

If not cleared by RQC and downstream cytosolic

degradation pathways, the yeast CAT tail drives the aggregation

of stalled polypeptides.30–32 These detergent-resistant aggre-

gates sequester diverse chaperones and thereby disturb general

protein quality control pathways, provoking the heat shock

response (HSR). Indeed, RQC components were initially identified

asgeneticmodifiersof theHSR;deletionofLTN1elevated theHSR

even under normal conditions.33 Interestingly, the HSR in ltn1D

cells was found to be dependent onRqc2 and its CAT tailing activ-

ity,22,33 suggesting that the aggregation of endogenous stalled
Author(s). Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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polypeptides induced by CAT tails could stress cells. Notably, a

recent study showed that ribosomal stalling increases with aging

in model organisms, including S. cerevisiae and C. elegans.34

Increased ribosomal stalling could overwhelm the RQC capacity,

leading to excessive stalled polypeptides, which form aggregates

and disturb proteostasis during aging. In yeast, CAT tails promote

the age-dependent aggregation of stalled polypeptides.

However, the mechanism by which CAT tails, low-complexity

regions composed solely of alanine and threonine, drive protein

aggregation remains unknown. In this study, we demonstrate

that CAT tails undergo threonine-based aggregation. Threo-

nine-rich protein extensions can aggregate when they exceed

a certain length threshold. Once formed, these aggregates re-

cruit shorter extensions with relatively lower threonine content

that are unable to initiate aggregation independently. Conse-

quently, threonine residues mediate the co-aggregation of

heterogeneous CAT tails. Similar to endogenous CAT tail aggre-

gates, polythreonine aggregates effectively sequester multiple

molecular chaperones, thereby disturbing proteostasis. Addi-

tionally, we discover an interaction between polythreonine and

polyserine, both of which share similar side chains, providing

insight into the structural basis of their detergent-resistant

aggregation.

RESULTS

tRNAThr(IGU) enhances aggregation of stalled
polypeptides
We employed GFP reporter mRNAs to induce ribosome stalling.

The reporters either contained CGA codon repeats or lacked a

stop codon (non-stop), allowing translation into the polyadeno-

sine tail.1,35 Both CGA codon repeats and polyadenosine tracts

adopt decoding-incompatible conformations within translating

ribosomes.36,37 In wild-type (WT) cells, stalled GFP was mini-

mally detectable due to RQC degradation (Figures 1A and

S1A, lanes 1). By contrast, stalled GFP remained undegraded

in ltn1D cells and formed detergent-insoluble aggregates due

to the CAT tail extension. These aggregates were detected by

semi-denaturing detergent agarose gel electrophoresis (SDD-

AGE)38 (Figures 1A and S1A, lanes 2). RQC2 deletion abrogated

CAT tail extension, thereby preventing aggregation of stalled

GFP (Figures 1A and S1A, lanes 3). To investigate the mecha-

nism driving CAT tail aggregation, we modulated the levels of

alanyl- and threonyl-tRNAs. CAT tail synthesis is not directed

by mRNAs but is determined by the interaction between Rqc2

and substrate tRNAs22 (Figure 1B). The yeast tRNA pool encom-

passes two alanine and three threonine isoacceptors (http://

gtrnadb.ucsc.edu/). We individually overexpressed each alanine

or threonine tRNA (Figure 1C) to assess their impact on CAT-

tailed polypeptide aggregation. Remarkably, SDD-AGE revealed

heightened aggregation of stalled GFP reporters when

tRNAThr(IGU) was overexpressed, while the other tRNAs showed

no such effect (Figures 1D and S1B). However, tRNAThr(IGU) over-

expression alone did not induce aggregation of stalled GFP

when Rqc2 was absent (Figures 1E and S1C), indicating that

the observed effect of tRNAThr(IGU) was mediated through CAT

tails. Consistently, tRNAThr(IGU) has been previously identified

as an Rqc2 substrate.22 Overexpression of tRNAThr(IGU) might
have increased the length of CAT tails; however, this potential in-

crease was not detectable by gel electrophoresis (Figure S1D).

Importantly, tRNAThr(IGU) overexpression indeed resulted in a

slight increase in the threonine content of CAT tails (Figure S1E).

Interestingly, the alanine content conversely decreased, indi-

cating competition between alanine and threonine for incorpora-

tion into CAT tails.

CAT-tailed proteins in ltn1D cells are known to induce the

HSR.22,33,39 To further investigate the effect of alanyl- or

threonyl-tRNA overexpression on CAT tails, we monitored the

HSR using a GFP reporter under a stress-inducible promoter

(Figure S1F). While overexpressed tRNAs tended to slightly

induce the HSR, tRNAThr(IGU), which increased stalled polypep-

tide aggregation, prominently enhanced the HSR in ltn1D cells

(Figure 1F). It was intriguing that overexpression of a single

tRNA could significantly enhance the HSR in the absence of

other proteotoxic stressors. However, the same tRNA induced

only modest HSR in cells where CAT-tailed proteins would not

exist (Figure 1G); endogenous stalled polypeptides would be

degraded in WT cells, and CAT tail synthesis is absent in

ltn1Drqc2D cells. Taken together, the increased threonine con-

tent in CAT tails enhances the aggregation of stalled polypep-

tides, thereby impacting cellular proteostasis, as evidenced by

the increase in the HSR.

tRNAAla(IGC) reduces proteotoxicity of stalled
polypeptides
Given that the yeast CAT tail comprises only alanine and threo-

nine, alanyl-tRNAs were expected to display a contrasting effect

to tRNAThr(IGU). However, no alanyl-tRNAs visibly decreased the

aggregation of stalled GFP reporters (Figures 1D and S1B).

Therefore, we conducted additional assays to thoroughly

examine the effects of alanyl-tRNA overexpression. A previous

study found that overproduced Rqc2 elevates the HSR in ltn1D

cells39 (Figure S1G), likely due to increased CAT tailing and

subsequent aggregation of endogenous stalled polypeptides.

Indeed, RQC2 overexpression in ltn1D cells heightened

detergent-resistant aggregation of Sis1 (Figure S1H), a chap-

erone that associates with CAT-tailed polypeptides.30–32 The

emergence of a Sis1 smear indicated enhanced aggregation of

endogenous stalled polypeptides, as no other recombinant stall-

ing reporters were used in the experiment. By contrast, a mutant

Rqc2 defective in CAT tailing activity22 neither induced the HSR

nor augmented Sis1 aggregation in ltn1D cells (Figures S1G and

S1H), further confirming that the observed effects of Rqc2 over-

production were via CAT tailing. In WT cells, where the intact

RQC system would degrade endogenous stalled polypeptides,

RQC2 overexpression did not induce the HSR or Sis1 aggrega-

tion (Figures S1G and S1H).

We next examined the effects of alanyl- and threonyl-tRNAs

on the HSR induced by RQC2 overexpression (Figure 1H).

Threonyl-tRNAs, including tRNAThr(IGU), slightly increased the

HSR further. However, the effect was limited, suggesting

that the HSR had nearly reached its maximum. Surprisingly,

tRNAAla(IGC) significantly dampened the HSR, indicating that

the tRNA reduced CAT tail-associated proteotoxicity. Accord-

ingly, we examinedwhether tRNAAla(IGC) could rescue the growth

of cells stressed by CAT-tailed proteins. The combined
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Figure 1. Effects of overexpressed tRNAThr(IGU) and tRNAAla(IGC) on CAT tail aggregation

(A) A stalling reporter with four internal repeats of the CGA codon (CGA4) was expressed under the GAL1 promoter. Cell lysates separated using SDD-AGE and

SDS-PAGE were analyzed by anti-GFP immunoblotting (IB). Although some ribosomes translated through the CGA codon repeats (arrowhead: CGA4 read-

through), most ribosomes stalled during translation (arrowhead: stalled GFP). Pgk1 served as a loading control.

(B) Schematic of CAT tail synthesis. tRNAAla(IGC) (tAIGC) and tRNAThr(IGU) (tTIGU) have been previously identified as Rqc2 substrates.22

(C) High-copy vectors carrying tRNAAla (tA) and tRNAThr (tT) genes were individually introduced into ltn1D cells. Northern blotting was performed using probes

specific to each tRNA. tRNAArg(ICG) (tRICG) served as a loading control. EV, empty vector.

(D and E) The CGA4 reporter (A) was expressed in ltn1D or ltn1Drqc2D cells, overexpressing each indicated alanine or threonine tRNA.

(F–H) The indicated tRNAs were overexpressed in WT or RQC-defective cells containing a chromosomally integrated HSR reporter.33 GFP, expressed under a

promoter with four repeats of the heat shock element (HSE), was normalized to mCherry, expressed under the constitutive TEF2 promoter. GFP and mCherry

expression levels were analyzed using flow cytometry. Cells were cultured at 25�C in glucose media (F and G) or galactose media to induce RQC2 expression

under the GAL1 promoter (H). EV, empty vector; black dot, individual data point; error bar, SEM (n = 3). p values were obtained by one-way ANOVA followed by

Tukey’s range test.

(I) RQC2 and tRNA overexpression vectors were co-transformed into ltn1D cells as indicated. Empty vectors served as controls. RQC2 expression from the

vector was driven by theGAL1 promoter. Cells were serially diluted fivefold and spotted on galactose plates selective for vectors, with the absence or presence of

1 ng/mL cycloheximide (CHX).
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overexpression of RQC2 and alanyl- or threonyl-tRNAs had min-

imal impact on cell growth (Figure 1I, left plate). To introduce

ribosome stalling stress, we used cycloheximide at a concentra-

tion typically non-toxic to yeast cells (Figure 1I, right plate, first

row). This minute translation stress caused severe toxicity

when Rqc2 was overproduced39 (Figure 1I, right plate, second

row). Remarkably, tRNAAla(IGC) co-expression partially rescued

this growth defect (Figure 1I, right plate, third row). Overall,

tRNAAla(IGC) mitigated the proteotoxic effects of stalled polypep-

tides, indicating reduced CAT tail aggregation. Thus, we reeval-

uated the effects of alanyl-tRNA overexpression on GFP

stalling reporter aggregation and found that its aggregation

was detectably reduced when the level of tRNAAla(IGC) was

increased beyond that of the previous experiment in Figure 1D

(Figures S1I and S1J). Notably, tRNAAla(IGC) overexpression

increased the alanine content in CAT tails while reducing the

threonine content (Figure S1K). Taken together, only tRNAAla(IGC)

and tRNAThr(IGU) among the five alanine and threonine isoaccep-

tors modulated CAT tail aggregation, confirming a previous

study that identified the two tRNAs as Rqc2 substrates.22

Polythreonine forms detergent-insoluble aggregates
The opposing effects of the two Rqc2 substrates, tRNAAla(IGC)

and tRNAThr(IGU), prompted an investigation into the behavior

of polyalanine and polythreonine tails. We constructed GFP re-

porters with C-terminal polyalanine or polythreonine tails of

varying lengths (10, 20, or 30 residues). The reporters, which

do not induce ribosome stalling, were expressed in WT cells.

Intriguingly, 30-amino acid-long polythreonine (hereafter, T30)

displayed a high-molecular-weight (HMW) smear during gel

electrophoresis (Figure 2A). Additionally, microscopy revealed

GFP-T30 inclusions (Figure 2B), indicating that the observed

HMW smear represented detergent-insoluble aggregates.

Fluorescence recovery after photobleaching (FRAP) analysis

revealed that GFP-T30 was immobile within these inclusions

(Figure 2C), further confirming solid-state aggregation. GFP-

T30 puncta were cytosolic; polythreonine tails did not direct pro-

teins to other subcellular organelles such as nuclei or vacuoles

(Figure S2A). By contrast, GFPs with C-terminal alanine tails

tended to localize in the nucleus but did not form inclusions (Fig-

ure S2B). To determine theminimal length required for polythreo-

nine aggregation, tail lengths were gradually decreased from

30 to 20 residues. HMW smears were observed for T22 using

SDD-AGE (Figure 2D), while microscopic inclusions were visible

starting at T23 (Figure 2E). Thus, the minimum length for poly-

threonine aggregation consistently lay between T22 and T23,

while aggregation substantially escalated between T25 and

T30. The position of polythreonine stretches within proteins

exerted little effect on their aggregation. For instance, a

construct with T30 inserted between GFP and mCherry (GFP-

T30-mCh) also formed detergent-resistant aggregates, despite

T30 not being at the C terminus (Figure S2C). To ascertain

polythreonine-autonomous aggregation, we expressed poly-

threonine in peptide forms fused to the FLAG tag. Remarkably,

anti-FLAG immunofluorescence microscopy revealed inclusions

of polythreonine peptides (Figure 2F). Interestingly, FLAG-T20

also formed inclusions, albeit less frequently than FLAG-T30,

indicating that 20 threonine residues were sufficient to drive ag-
gregation. For GFP-T20 (Figures 2D and 2E), steric hindrance

between the globular GFP domains might have obstructed

aggregate growth. FLAG-T10 peptide was undetectable

(Figure 2F), likely due to decay by cytosolic peptidases.40,41

Similarly, FLAG-T30 and FLAG-T20 peptides exhibited minimal

cytosolic background, suggesting that soluble peptides were

degraded, and only aggregated forms were retained in cells.

Consistent with immunofluorescence microscopy, FLAG-T30

peptide displayed detergent-resistant HMW smears during

gel electrophoresis (Figure 2G). However, HMW smears of

FLAG-T20 were not detected, likely due to its lower aggregation

propensity and/or lower stability of T20 aggregates. Peptide

aggregation was similarly observed using a different epitope,

the hemagglutinin (HA) tag. HA-T30 exhibited detergent-insol-

uble HMW smears (Figure S2D), which could be pelleted by

centrifugation (Figure S2E). Thus, the polythreonine tail, not

epitope tags, was the key driver of aggregation.

We next compared the aggregation propensity of polythreo-

nine with those of polyglutamine and polyasparagine, both

of which are well-studied aggregation-prone homopolymeric

amino acids. However, neither polyglutamine nor polyaspara-

gine exhibited microscopic inclusions or HMW gel smears at

the length of 30 residues (Figures 2H and S2F), indicating that

polythreonine is more prone to aggregation than polyglutamine

and polyasparagine.

Aggregation of alanine-interrupted polythreonine
Although our data suggested polythreonine aggregation as a

likely mechanism of CAT tail aggregation, two questions re-

mained to be addressed: first, whether Rqc2 could synthesize

CAT tails longer than the critical length of polythreonine aggrega-

tion, and second, whether aggregation strictly requires consec-

utive threonine residues or if alanine interruptions could be toler-

ated since endogenous CAT tails are more likely to be a mixture

of alanine and threonine.

To address the first question onCAT tail length, we used aGFP

reporter followed by CGA codon repeats, a potent inducer of

ribosomal stalling. The CAT tail smear was readily discernible

when comparing the ltn1D cell lysate to the ltn1Drqc2D cell

lysate (Figure 3A, lanes 3 and 4). This smear was compared

with GFP-T30, a hard-coded tail exceeding the critical length

of aggregation (T22-23, Figures 2D and 2E). The addition of a

C-terminal T30 tail noticeably altered GFP migration during gel

electrophoresis (Figure 3A, lanes 1 and 2). Notably, the CAT

tail smear extended beyond the GFP-T30 band (Figure 3A, lanes

2 and 3), indicating a fraction of natural CAT tails was longer than

30 residues, thereby potentially capable of aggregation.

To address the second question on the necessity of consecu-

tive threonine residues for aggregation, we introduced varying

numbers of alanine residues, from one to ten, into polythreonine

stretches while maintaining the total length of 30 amino acids

(Figure 3B). As the number of interrupting alanine residues

increased, detergent-insoluble aggregation tended to decrease

in SDD-AGE and polyacrylamide gel pockets (Figure 3B). This

observation was consistent with the tRNAAla(IGC)-induced reduc-

tion in stalled polypeptide aggregation (Figure S1I). Overall, our

data indicated a pro-aggregation effect of threonine residues

and an anti-aggregation effect of alanine residues in CAT tails.
Molecular Cell 84, 4334–4349, November 21, 2024 4337
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Figure 2. Polythreonine forms detergent-insoluble aggregates

(A) GFPswith a polyalanine or polythreonine tail were expressed under theGAL1 promoter inWT cells. Cell lysateswere analyzed by SDS-PAGE, followed by anti-

GFP immunoblotting (IB). Pgk1 served as a loading control. HMW, high-molecular-weight smear.

(B) Fluorescence microscopy of WT cells expressing GFPs with the indicated C-terminal tails. White dashed lines indicate cell boundaries. BF, bright field. Scale

bar, 5 mm.

(C) FRAP analysis of GFP-T30 inclusions. Representative images of pre- and post-bleach are shown, with the photobleached area circled. Scale bar, 1 mm.Graph

curves represent mean measurements of 10 inclusions, with error bars indicating SEM. Diffuse GFP-T20 was used as a control.

(D) GFPs with C-terminal polythreonine tails were expressed under the GAL1 promoter in WT cells. Detergent-insoluble aggregates tended to stack within

polyacrylamide gel pockets. The aggregates were better resolved using SDD-AGE.

(E) Fluorescencemicroscopy of GFPs with polythreonine tails as described in (D). Representative inclusions are shown if detectable. Scale bar, 5 mm. The number

of cells with GFP inclusions was counted and is represented in the graph as a percentage of GFP-expressing cells. Mean ± SEM from three biological replicates

are shown, with more than 150 cells observed for each tail per biological replicate.

(F) FLAG-tagged polythreonine peptides were expressed under the GAL1 promoter in WT cells. Fixed cells were spheroplasted and subjected to immunoflu-

orescence microscopy using anti-FLAG antibody (a-FLAG). Scale bar, 5 mm.

(G) WT cells expressing FLAG-tagged polythreonine peptides, as described in (F), were lysed and subjected to SDD-AGE and SDS-PAGE, followed by anti-FLAG

immunoblotting.

(H) Fluorescence microscopy of WT cells expressing GFPs with polythreonine, polyglutamine, and polyasparagine tails. Scale bar, 5 mm.
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Figure 3. Seeding effect between threonine-rich tails

(A) GFP and GFP-T30 were expressed inWT cells (lanes 1 and 2). The CGA4 stalling reporter (see Figure 1A) was expressed in ltn1D and ltn1Drqc2D cells (lanes 3

and 4). All constructs were expressed under theGAL1 promoter. Cell lysates were analyzed by anti-GFP immunoblotting (IB). To achieve comparable levels of IB

signal, three times more cell lysates were loaded in lanes 3 and 4 than in lanes 1 and 2. Pgk1 served as a loading control.

(B) Sequences of alanine-interrupted polythreonine tails (tail numbers 1–7) are shown. GFPs fused to each tail were expressed under the GAL1 promoter in WT

cells. Cell lysates were separated by SDD-AGE and SDS-PAGE, followed by anti-GFP immunoblotting.

(C) Fluorescence microscopy of BFP-T30 co-expressed with GFPs containing different lengths of polythreonine tails. BF, bright field. Scale bar, 5 mm.

(D) Sequences of mixed alanine and threonine tails (tail numbers i–vi) are shown. GFPs fused to each tail (AxTy) were co-expressed with BFP-T30 under theGAL1

promoter in WT cells. Scale bar, 5 mm.

(E) BFP (T0) or BFP-T30 (T30) was co-expressed with the CGA4 stalling reporter (see Figure 1A) in ltn1D or ltn1Drqc2D cells. Scale bar, 5 mm.

(F) FLAG-T20 (Figure 2G) was co-expressed with GFP or GFPs containing mixed alanine and threonine tails (tail numbers 3 and 4 from B) in WT cells.

(G) Proposed model for CAT tail aggregation.
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Nevertheless, it is noteworthy that alanine interruption at a low

level was tolerated for polythreonine aggregation, and a tail con-

taining stretches of only five consecutive threonine residues due
to alanine interruption still formed detergent-resistant aggre-

gates (Figure 3B, tail 4) and microscopic inclusions (Figure S3A,

tail 4).
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Previous studies have identified the aggregation propensity of

alternating alanine and threonine repeats.30,31,42 Despite the low

threonine content, 15 repeats of the alanine-threonine dipeptide

displayed robust aggregation (Figure S3B, compare lanes 2 and

3). The alternating pattern of hydrophobic and hydrophilic resi-

dues likely contributes to this high aggregation propensity.43,44

Unlike other threonine-rich tails that aggregate in the cytosol

(Figure S3A), alanine-threonine repeat aggregates were primarily

observed in the nucleoplasm (Figures S3C and S3D), outside the

nucleolus (Figure S3E). Notably, substituting threonine residues

in the repeat with other aggregation-prone residues, such as

glutamine and asparagine, abolished aggregation (Figure S3F).

Thus, threonine residues are critical for the aggregation of this

uniquely patterned sequence. Taken together, our data indicate

that Rqc2 can extend CAT tails to lengths capable of aggrega-

tion. When these tails exceed a certain threonine content

threshold or contain alanine-threonine dipeptide repeats, they

can coalesce, driving stalled polypeptide aggregation.

Finally, we examined the potential impact of phosphorylation

on polythreonine aggregation. To mimic phospho-threonine,

we introduced glutamate residues into 30-residue-long poly-

threonine tails, which resulted in a substantial reduction in aggre-

gation (Figure S3G). Therefore, phosphorylation of polythreonine

stretches would likely interfere with aggregation.

Co-aggregation of heterogeneous threonine-rich tails
We next investigated if aggregation tendency was exclusive

to relatively long polythreonine tracts. We were particularly inter-

ested in the potential seeding effect of longer tail aggregates on

shorter, soluble tails. Accordingly, we co-expressed GFP-T20

and blue fluorescent protein with a C-terminal T30 (BFP-T30).

When expressed alone, GFP-T20was diffusely distributed within

cells (Figure 2B). However, upon co-expression with BFP-T30,

GFP-T20 was efficiently sequestered to BFP-T30 inclusions,

leaving a minimal cytosolic GFP signal (Figure 3C, row 1). This

seeding effect was mediated by polythreonine tails, as GFP

without a tail was not recruited to BFP-T30 inclusions (Figure 3C,

row 3). Surprisingly, even a polythreonine tail as short as 10

residues (GFP-T10) was recruited to BFP-T30 aggregates (Fig-

ure 3C, row 2), although the higher background fluorescence

suggested a lower seeding efficiency compared with GFP-T20.

We then examined whether this seeding effect was exclusive

to homopolymeric threonine sequences. To test this, we de-

signed 20-amino acid-long recombinant CAT tails containing

increasing numbers of interrupting alanine residues (Figure 3D).

These recombinant CAT tails, which lie within the range of natural

CAT tail lengths (Figure 3A), were appended to the C terminus of

GFP. When expressed individually, none formed inclusions

(Figure S3H). However, when co-expressed with BFP-T30,

alanine-interrupted CAT tails, even a tail with only two consecu-

tive threonine residues, were recruited to T30 inclusions (Fig-

ure 3D, tail iv). Thus, consecutive threonine residues were not

critical for seeded aggregation. Instead, the total threonine

content of the CAT tail appeared crucial for the interaction with

polythreonine seeds. Indeed, as additional alanine residues

were introduced, recombinant CAT tails ceased to interact with

polythreonine inclusions (Figure 3D, tails v and vi). Similar to re-

combinant CAT tails, natural CAT tails appended to stalled GFP
4340 Molecular Cell 84, 4334–4349, November 21, 2024
were also seeded by BFP-T30 aggregates in ltn1D cells (Fig-

ure 3E, row 2). However, in ltn1Drqc2D cells, the same reporter

without CAT tails did not interact with polythreonine inclusions

(Figure 3E, row 3). In summary, polythreonine inclusions seeded

aggregation of both natural and recombinant CAT tails.

Conversely, we investigated whether alanine-interrupted

polythreonine aggregates could induce aggregation of short

homopolymeric threonine stretches. We used 30-residue-long

recombinant CAT tails with stretches of only nine or five consec-

utive threonines as aggregation seeds (Figure 3B, tails 3 and 4).

Interestingly, these alanine-interrupted threonine aggregates

templated FLAG-T20 peptides, inducing detergent-resistant

smears (Figure 3F). This finding suggests that alanine interrup-

tion in both template aggregates and assembling monomeric

proteins can be tolerated to some degree during seeded aggre-

gation. Taken together, the ability of threonine-rich protein

aggregates to recruit shorter alanine-interrupted stretches likely

underlies co-aggregation of heterogeneous natural CAT tails

(Figure 3G).

We next examined the seeding capacity of alanine-threonine

dipeptide repeat aggregates, a distinctive typeof threonine-based

aggregate with high alanine content. While these aggregates did

recruit other threonine-containing tails, the overall seeding effect

was modest (Figure S3I). Furthermore, seeding efficiency did

not directly correlate with threonine content. However, alanine-

threonine repeats exhibited remarkably pronounced homotypic

interactions, sequestering protein tails of the same repeat

motif (Figure S3J, row 2). By contrast, polythreonine aggregates

demonstrated robust seeding effects across a wide range of

threonine-rich tails (compare Figures 3D and S3I), including

alanine-threonine dipeptide repeats (Figure S3J, row 3).

Overall, our data demonstrate crosstalk between the two threo-

nine-based aggregation motifs, polythreonine and alanine-threo-

nine dipeptide repeats, with polythreonine showing a more domi-

nant effect.

Polythreonine interacts with polyserine
To better understand the structural basis of polythreonine aggre-

gates and their seeding activity, we investigated their interaction

with other homopolymeric amino acids. We primarily focused on

uncharged hydrophilic amino acids (serine, glutamine, and aspar-

agine) as well as glycine, since polyglycine inclusions are a hall-

mark of certain neurodegenerative disorders such as fragile

X-associated tremor/ataxia syndrome (FXTAS) and neuronal intra-

nuclear inclusion disease (NIID).45–47 None of the GFP constructs

harboring the C-terminal polyamino acid tails mentioned above

formed inclusions when the tail length was limited to 30 residues

(Figures 2H and 4A). Surprisingly, co-expressed polythreonine in-

clusions robustly sequestered the polyserine tract (GFP-S30) but

not the other examined polyamino acids (Figure 4B). Furthermore,

polyserine presented detergent-resistant smears (Figure 4C), indi-

cating stable co-aggregation of BFP-T30 and GFP-S30. Consis-

tent with microscopy (Figures 4A and 4B), GFP-S30 displayed

detergent-resistant smears only in the presence of BFP-T30 (Fig-

ure 4D). The interaction between polythreonine and polyserine

was length-dependent; a 25-residue-long polyserine tail still inter-

actedwith polythreonine aggregates, while a 20-residue-long pol-

yserine tail did not (Figures 4E and 4F). Overall, our data highlight
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Figure 4. Polythreonine interacts with polyser-

ine

(A and B) Fluorescence microscopy of WT cells ex-

pressing GFPs with the indicated polyamino acid tails

in the absence (A) or presence (B) of co-expressed

BFP-T30. All constructs were expressed under the

GAL1 promoter. Nic96-mCherry, nuclear membrane

marker; BF, bright field. Scale bar, 5 mm.

(C) Lysates of cells from (B) were separated using

SDD-AGE and SDS-PAGE, followed by anti-GFP and

anti-BFP immunoblotting (IB). Pgk1 served as a

loading control.

(D) GFP or GFP-S30 was co-expressed with BFP or

BFP-T30 in WT cells. The expression of each protein

was verified by anti-GFP and anti-BFP immunoblot-

ting.

(E) Fluorescence microscopy of GFPs with varying

lengths of polyserine tails, co-expressed with BFP-

T30 in WT cells. Scale bar, 5 mm.

(F) Lysates of cells from (E) were analyzed using SDD-

AGE and SDS-PAGE. The first lane is a GFP control,

co-expressed with BFP-T30.
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the specificity of the interaction between polythreonine and

polyserine.

Polythreonine aggregation in human cells
Interestingly, the composition of CAT tails varies among different

organisms. In humans, CAT tails predominantly consist of

alanine,29,48 suggesting that threonine-mediated CAT tail aggre-

gation may not occur. To investigate whether polythreonine ag-

gregation is specific to yeast and thus facilitates CAT tail aggre-

gation, or if it is a more general phenomenon, we examined the

aggregation potential of 30-residue-long homopolymers of

alanine, threonine, glutamine, and serine in human cells.

Remarkably, the polythreonine tail (GFP-T30) induced distinctive

cloud-like inclusions in the cytoplasm across various cell types,

including HeLa, HEK293T, and SH-SY5Y (Figures 5A and S4A).
Molecular
By contrast, the other polyamino acids

remained diffuse throughout the cells.

Notably, even polyglutamine, recognized

for its high aggregation propensity, failed to

form inclusions at the length of 30 amino

acids. FRAP analyses revealed that GFP-

T30 was immobile within inclusions, a

characteristic of solid-state aggregates like

polyglutamine-expanded huntingtin inclu-

sions (Figures 5B and S4B). Consistent

with this limited mobility, GFP-T30 in human

cells exhibited a detergent-resistant HMW

smear (Figure 5C). Polyalanine (GFP-A30)

expression level was noticeably lower than

the other proteins (Figure 5C), primarily due

to its active degradation by proteasomes

(Figure S4C). Length-dependent polythreo-

nine aggregation, previously observed in

yeast cells (Figures 2D and 2E), was

similarly evident in human cells. GFP-

T20 did not exhibit detergent-resistant
smears and remained diffuse in various cell types (Figures S4D

and S4E).

Next, we examined the cross-seeding effect of polythreo-

nine on polyserine in human cells. GFP-S30, a soluble protein

in HeLa cells (Figure 5D, second row), formed puncta upon

co-expression with BFP-T30 (Figure 5D, third row). The

GFP-S30 puncta co-localized with BFP-T30 inclusions. How-

ever, BFP-T30 did not recruit GFP without a polyserine tail

(Figure 5D, first row), confirming the interaction between poly-

threonine and polyserine. We conducted FRAP analysis of the

inclusions by bleaching only GFP-S30 while preserving

BFP-T30 fluorescence (Figure 5E). The limited fluorescence

recovery of GFP-S30 suggested its immobility within the inclu-

sion and minimal exchange with free cytosolic GFP-S30.

Additionally, co-expression with BFP-T30 intensified the
Cell 84, 4334–4349, November 21, 2024 4341
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Figure 5. Polythreonine aggregation in human cells

(A) HeLa cells were transfected to express GFPs containing either polyalanine, polythreonine, polyglutamine, or polyserine tails. Nuclei were counterstained with

Hoechst and represented in gray in merged images. Scale bar, 15 mm.

(B) FRAP analyses of GFP, GFP-T30, and Htt72Q-GFP (huntingtin exon 1 containing a 72-residue-long polyglutamine tract) in HeLa cells. Representative images

of GFP-T30 and Htt72Q-GFP inclusions are shown, with photobleached areas circled. Scale bar, 1 mm. Graph curves represent mean measurements of 10

inclusions, with error bars indicating SEM.

(C) Lysates of HeLa cells expressing GFPs, with or without the indicated polyamino acid tails, were analyzed by anti-GFP immunoblotting (IB). b-actin served as a

loading control.

(D) Fluorescence microscopy of GFP or GFP-S30, co-expressed with BFP or BFP-T30 in HeLa cells. Scale bar, 15 mm.

(E) FRAP analyses of GFP-S30 co-localized with BFP-T30 inclusions in HeLa cells. Representative images of inclusions are shown, with the photobleached area

circled. Scale bar, 1 mm. Graph curves represent mean measurements of 10 inclusions, with error bars indicating SEM. Diffuse GFP-S30 co-expressed with BFP

was used as a control.

(F) Lysates of HeLa cells expressing GFP-S30 (or GFP) and BFP-T30 (or BFP) were analyzed by SDD-AGE and SDS-PAGE.
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GFP-S30 smear (Figure 5F), confirming the stable detergent-

resistant interaction between polythreonine and polyserine in

human cells. Overall, our data suggest that polythreonine
4342 Molecular Cell 84, 4334–4349, November 21, 2024
aggregation and its cross-seeding on polyserine are general

molecular phenomena observed in both yeast and hu-

man cells.
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Polythreonine aggregates disturb proteostasis
Previous studies in yeast have shown that CAT-tailed stalled

polypeptide aggregates sequester various molecular chaper-

ones, prominently including the Hsp40 Sis1.30–32 Accordingly,

we investigated whether polythreonine aggregates also capture

Sis1 and other chaperones. Under normal conditions, Sis1 fused

to C-terminal mCherry (Sis1-mCh) was mostly localized in the

nucleus (Figure S5A). Remarkably, GFP-T30 aggregates

sequestered Sis1-mCh in the cytosol (Figure 6A). In sharp

contrast, Ydj1, another Hsp40 abundant in the cytosol (Fig-

ure S5A), showed poor binding to polythreonine aggregates (Fig-

ure 6A), indicating that polythreonine aggregates have varying

affinities for different chaperones. To map the polythreonine-in-

teracting domain in Sis1, we expressed Sis1 lacking its C-termi-

nal domain (CTD). Although the CTD is known to bind unfolded

protein substrates, it has been shown to be dispensable for

cell survival.49,50 Indeed, mCherry-fused Sis1 lacking the CTD

(Sis1DCTD-mCh) was sufficient for cell viability in this study

(Figures S5B and S5C). Notably, Sis1DCTD-mCh did not bind pol-

ythreonine aggregates (Figure S5D), suggesting that the CTD is

essential for this interaction. We also observed that two major

cytosolic Hsp70s, Ssa1 and Ssa2, as well as Hsp104 associate

with polythreonine aggregates (Figure 6B). Normally, these

chaperones were diffusely distributed in cells (Figure S5E). The

sequestration of multiple chaperones by polythreonine aggre-

gates likely disrupts cellular proteostasis, consistent with the

increased HSR51–55 (Figure 6C).

We next investigated whether polythreonine could affect other

aggregation-prone proteins. Polyglutamine-expanded hunting-

tin aggregation in yeast cells requires [PIN+] prion,56,57 an aggre-

gated state of Rnq1 protein (Figure S5F).58 Indeed, the huntingtin

exon 1 fragment containing a 103-residue-long polyglutamine

tract and C-terminal GFP (Htt103Q-GFP) formed aggregates

only in [PIN+] cells but not in [pin�] cells (Figure S5G). Remark-

ably, BFP-T30 in [pin�] cells induced both microscopic inclu-

sions (Figure 6D, row 2) and detergent-resistant HMW smears

of Htt103Q-GFP (Figure 6E, lane 3). To exclude the possibility

of [PIN+]/[pin�] prion state conversion by polythreonine, we

replicated the experiment in cells deleted for RNQ1. Notably,

BFP-T30 still prompted huntingtin aggregation (Figure S5H),

suggesting that the impact of polythreonine on huntingtin aggre-

gation was not mediated by the [PIN+] prion.

We then investigated whether polythreonine could also induce

huntingtin aggregation in human cells. In HeLa cells, we co-ex-

pressedGFP-fused huntingtin exon 1 fragments, containing either

a 25- or 46-residue-long polyglutamine tract (Htt25Q-GFP or

Htt46Q-GFP), with BFP or BFP-T30. SDD-AGE analysis identified

a low basal level of Htt46Q-GFP smear, whereas Htt25Q-GFP

aggregation was not detectable (Figure 6F, lanes 1 and 2). Co-

expression of BFP-T30 intensified the Htt46Q-GFP smear (Fig-

ure 6F, lane 4). Consistently, BFP-T30 aggregates significantly

enhanced the formation of Htt46Q-GFP inclusions, while no such

effect was observed for Htt25Q-GFP (Figure 6G). In contrast to

polyserine, which co-localized with polythreonine aggregates

(Figures 4B and 5D), huntingtin tended to form separate aggre-

gates in both yeast and human cells (Figures 6D, 6G, and S5H).

Although we cannot exclude the possibility of cross-seeding be-

tween polythreonine and huntingtin with R46Q, it is likely that
chaperone sequestration by polythreonine permitted huntingtin

aggregation.

DISCUSSION

Although CAT tail-driven stalled polypeptide aggregation in

yeast has been consistently observed,30–32,34,39,59 the heteroge-

neous nature of CAT tails has posed challenges in understanding

their aggregation mechanism. In this study, we manipulated the

composition of CAT tails by overexpressing alanyl- and threonyl-

tRNAs. Interestingly, tRNAThr(IGU) enhanced the aggregation of

stalled reporters, while tRNAAla(IGC) conversely attenuated the

aggregation. These results provided insights into themechanism

of threonine residue-mediated CAT tail aggregation. Similar ap-

proachesmay prove useful for investigating CAT tail function and

behavior in other organisms. To further dissect the aggregation

process, we examined hard-coded CAT tails. Our findings indi-

cate that the formation of nuclei by longer, threonine-enriched

CAT tails facilitates the recruitment of shorter CAT tails with

lower threonine content, resulting in the growth of stalled poly-

peptide aggregates.

Notably, polythreonine tracts are underrepresented compared

with other hydrophilic amino acid tracts in the human prote-

ome.60,61 Only three proteins harbor polythreonine stretches

longer than 10 amino acids: KDM6B (11 residues), ANK3 (12

residues), and CADM1 (13 residues). It is plausible that poly-

threonine, being a highly aggregation-prone motif, has been

evolutionarily avoided. In the context of this study, mucin-2, a

major constituent of colon mucus, is particularly intriguing.

Although mucin-2 contains relatively short polythreonine tracts,

with a maximum of 8 consecutive residues, these tracts recur

multiple times. As a result, threonine constitutes 33% of the

�550 kDa protein. Furthermore, threonine tracts cluster in the

central region of mucin-2, constituting >55% of this �240 kDa

domain. Threonine residues in mucin-2 are heavily glycosylated,

which likely inhibits aberrant aggregation. However, both

commensal and pathogenic gut microbiota can utilize these

glycan chains as a nutrient source.62,63 Whether deglycosylated

and/or unglycosylated threonine residues in mucin-2 could

induce aggregation, and if so, its impact on physiological mucus

turnover, as well as infection and inflammation, would be

intriguing questions.

Surprisingly, polythreonine displayed a cross-seeding effect

on polyserine (Figures 4 and 5D–5F). Notably, a recent report re-

vealed the formation of cytosolic assemblies by 42-residue-long

polyserine tracts in human cells.64 The report also demonstrated

thatmicroscopic polyserine assemblies can serve as sites for tau

aggregation, potentially linking polyserine to Alzheimer’s disease

and tauopathies. The interaction between polythreonine and pol-

yserine observed in this study suggests a potential commonality

in their structural elements. The relationship between polythreo-

nine and polyserine is similar to that between polyglutamine and

polyasparagine, both of which are aggregation-pronemotifs with

amide groups in their side chains.65–69 In this regard, hydroxyl

groups in the side chains of polythreonine and polyserine could

align in a way that confers structural stability. Unlike polythreo-

nine, polyserine tracts are more prevalent in the human prote-

ome.60,61 However, most of them consist of 25 residues or fewer,
Molecular Cell 84, 4334–4349, November 21, 2024 4343
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Figure 6. Polythreonine aggregates disturb proteostasis

(A and B) BFP-T30 was expressed under the GAL1 promoter in cells with the indicated chaperone genes fused to C-terminal mCherry. Nic96-GFP, nuclear

marker; BF, bright field. Scale bar, 5 mm.

(C) BFP and BFP-T30 were expressed under the GAL1 promoter in WT cells containing the HSR reporter (see Figure 1F). Cells cultured at 25�C were analyzed

using flow cytometry. Black dot, individual data point; error bar, SEM (n = 3). p value was calculated using Student’s t test (unpaired, two-tailed).

(D) GFP-fused huntingtin exon1 (25Q or 103Q) was co-expressed with BFP or BFP-T30 in WT [pin�] cells. All constructs were expressed under the GAL1

promoter. Scale bar, 5 mm.

(E) Htt103Q-GFP was co-expressed with either BFP or BFP-T30 in [PIN+] and [pin�] cells as indicated. Cell lysates were analyzed by anti-GFP and anti-BFP

immunoblotting (IB). HMW, high-molecular-weight smear. Pgk1 served as a loading control.

(F and G) GFP-fused huntingtin exon 1 (25Q or 46Q) was co-expressed with BFP or BFP-T30 in HEK293T cells (F) for immunoblotting and in HeLa cells (G) for

microscopy analyses. Scale bar, 15 mm. (G) Cells with huntingtin inclusions were counted and presented as a percentage of GFP-expressing cells, with means ±

SEM from three biological replicates. Over 100 GFP-positive cells were counted per condition in each experiment. p values were obtained by one-way ANOVA.
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rendering them unlikely to form aggregates under physiological

conditions. The aggregation potential of three outlier polyserine

tracts in the human proteome remains to be investigated:

TNRC18 (58 residues), MLLT3 (42 residues), and SRRM2 (42 res-

idues). Among these, SRRM2 stands out as a potential candi-

date for aggregation, given its high local concentration within

cytosolic and nuclear bio-condensates.64 SRRM2 functions as

one of the two scaffolding proteins of the nuclear speckle,70,71

amembraneless organelle associatedwithmRNAmetabolism.72

It would be intriguing to investigate whether the liquid/solid state

of SRRM2, and consequently the dynamics of nuclear speckles,

could be regulated by their associated RNAs and potential phos-

phorylation of the polyserine tract.

Why does the yeast CAT tail contain threonine residues if

threonine-rich tracts are prone to aggregation? CAT tail compo-

sition has been analyzed in three eukaryotes and one prokaryote:

yeast, fruit flies, humans, and Bacillus subtilis.22,29,42,48,73 Inter-

estingly, each organism displays a distinct CAT tail composition.

In fruit flies, CAT tails contain alanine, threonine, and possibly a

few other amino acids,42 whereas in humans and B. subtilis, CAT

tails are primarily composed of alanine.29,48,73 Thus, humans

may avoid proteotoxic threonine-driven CAT tail aggregation,

which can be particularly detrimental in terminally differentiated,

non-dividing cells such as neurons since polythreonine can

induce secondary aggregation of other proteins such as hunting-

tin (Figures 6D–6G). By contrast, CAT tail aggregation could be

advantageous for yeast, a single-celled, fast-dividing organism.

CAT tail aggregation could function as a mechanism to collect

potentially toxic stalled polypeptides produced in excess under

stress conditions.74–76 In actively dividing cells, CAT tail aggre-

gates could be asymmetrically segregated to mother cells,

thereby alleviating the proteotoxic burden in daughter cells.77–79

Moreover, threonine-based CAT tail aggregates, unlike other

pathogenic protein aggregates, do not interfere with the HSR

(Figure 6C), allowing cells to cope with stress.80–83 Thus, acute

translation stress and consequent CAT tail aggregation may be

tolerable in yeast, although chronic aggregation of stalled poly-

peptides during aging results in declining proteostasis.34

Limitations of the study
The structural basis of polythreonine aggregation requires

further investigation, but several lines of evidence suggest

amyloid-like aggregation. Firstly, the aggregates displayed

remarkable stability, resisting detergent—a characteristic often

attributed to the cross-b structure of amyloids.84–87 Secondly,

polythreonine aggregates effectively sequestered other proteins

with similar sequences, reminiscent of the seeding ability

observed in amyloid fibrils.88,89 Lastly, polythreonine longer

than 70 residues has been shown to form fibrillar structures

in vitro.90 Although the report proposed that polypeptide

backbones possess a generic aggregation tendency, our study

highlights the exceptional robustness of polythreonine aggrega-

tion in vivo, underscoring the significance of polythreonine side

chains in driving aggregation. However, it is unlikely that a highly

heterogeneous CAT tail population would form an ordered struc-

ture upon aggregation. Instead, it is tempting to speculate that

local interactions between threonine patches drive the formation

of amorphous yet highly stable aggregates. Elucidating the
physicochemical basis of threonine-rich polypeptide assembly

will provide deeper insights into the initiation and progression

of CAT tail aggregation.
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Mouse monoclonal anti-GFP Roche Cat#11814460001; RRID:AB_390913

Rabbit polyclonal anti-TagRFP

(used to probe BFP)

Invitrogen Cat#R10367; RRID:AB_2315269

Mouse polyclonal anti-Rqc2 This paper, custom synthesis

performed by Singapore

Advanced Biologics Pte. Ltd.

NA

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat#F1804; RRID:AB_262044

Mouse monoclonal anti-HA Roche Cat#11583816001; RRID:AB_514505

Mouse monoclonal anti-ribosomal

protein L3 (S. cerevisiae)
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Bacterial and virus strains
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AlkPhos Direct Labelling module cytiva Cat#RPN3680

AscI NEB Cat#R0558

BactoTM Yeast Extract Gibco Cat#212750

BamHI-HF NEB Cat#R3136

Benzonase Sigma Cat#E8263

CDP-Star Sigma Cat#C0712

ClaI NEB Cat#R0197

Cycloheximide Sigma Cat#1810

DAPI Sigma Cat# D9542

DMEM Gibco Cat#11960044

Doxycycline Sigma Cat#D9891

EcoRI-HF NEB Cat#R3101

FBS Hyclone Cat#SV30160.03

GlutaMax Gibco Cat#3505061

HindIII-HF NEB Cat#R3104

Hoechst 33342 Sigma Cat#B2261

Lipofectamine 3000 Invitrogen Cat#L3000015

MES Sigma Cat#M3671

MG132 Sigma Cat#M7449

NucRedTM Live 647 ReadyProbesTM Invitrogen Cat#R37106
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Penicillin-Streptomycin Gibco Cat#15140122

Peptone-A Bio Basic Cat#G213

Pierce Protease Inhibitor Thermo Scientific Cat#A32965

RIPA buffer Sigma Cat#R0278

SacI-HF NEB Cat#R3156

SuperSignalTM West Atto Ultimate

Sensitivity Substrate

Thermo Scientific Cat#A38554

SuperSignalTM West Pico PLUS

Chemiluminescent Substrate

Thermo Scientific Cat#34580

TRIzolTM reagent Invitrogen Cat#15596018

TURBO� DNase Invitrogen Cat#AM2238

XbaI NEB Cat#R0145

XhoI NEB Cat#R0146

Yeast nitrogen base without amino acids Sigma Cat#Y0626

Zymolyase 100T Nacalai Tesque Japan Cat#07665-55

Critical commercial assays

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad, USA Cat#5000006

Pierce� 660nm Protein Assay Reagent Thermo Scientific Cat#22660

Ionic Detergent Compatibility Reagent for

Pierce� 660nm Protein Assay Reagent

Thermo Scientific Cat#22663

GFP-Trap� magnetic agarose beads ChromoTek Cat#gtma

Deposited data

Original data for western blots,

microscopy images, and amino

acid analyses

This paper Mendeley Data: https://doi.org/10.17632/vfj9sf7s8t.1

Experimental models: Cell lines

Human: HEK293T ATCC Cat#CRL-3216TM ; RRID:CVCL_0063

Human: HeLa ATCC Cat#CCL-2TM; RRID:CVCL_0030

Human: SH-SY5Y ATCC Cat#CRL-2266TM; RRID:CVCL_0019

Experimental models: Organisms/strains

S. cerevisiae: BY4741 Euroscarf N/A

All yeast strains derived from BY4741

are listed in Table S1

NA N/A

S. cerevisiae: R1158 (Yeast Tet-promoters

Hughes yTHC parental strain)

Horizon Discovery Cat#YSC1210

Oligonucleotides

Northern blot probe to detect tAIGC:

TGGACGAGTCCGGAATCGAACCGG

AGACCTCTCCCATGCTAAGGGAGC

GCGCTACCGACTACGCCACACGCCC

This paper NP_tA(AGC)F

Northern blot probe to detect tAUGC:

TGGACGCAACCGGAATCGAACCGA

TGACCTCTTCCTTGCAAGGGAAGC

GCGCTACCAACTGCGCCATGTGCCC

This paper NP_tA(UGC)G

Northern blot probe to detect tTAGU:

TGCTTCCAATCGGATTTGAACCGAT

GATCTCCACATTACTAGTGTGGCG

CCTTACCAACTTGGCCATAGAAGC

This paper NP_tT(AGU)N2
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Northern blot probe to detect tTCGU:

TGCCCTCTGTGGGAATTGAACCCA

CGATCCCCGCATTACGAGTGCGAT

GCCTTACCACTTGGCCAAAAGGGC

This paper NP_tT(CGU)K

Northern blot probe to detect tTUGU:

TGCCACCTGTCAGAATTGAACTAA

CGACCTTTGCATTACAAGTGCAAC
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This paper NP_tT(UGU)G2

Northern blot probe to detect tRICG (control):
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This paper NP_tR(ACG)D

Primer:
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GTAGTCGTGGTTGTAGTTTTGTATA

GTTCATCCAT

This paper R_GFP-T10stop_BamHI:

Primer:

CATGGATCCTCATGCAGCCGCAGC

TGCGGCTGCAGCTGCAGCTTTGTA

TAGTTCATCCAT

This paper R_GFP-A10stop_BamHI:

Primer:

AGCAAGCTTTCACGTAGTTGTAGTT

GTGGTCGTAGTTGTAGTTGTAGTCG

TGGTTGTAGTCGTGGTTGTAGTGGA

TCCCTTGTACAGCTC

This paper R_GFP-T20stop_BamHI

Primer:

AGCAAGCTTTCAGGCTGCAGCCGCA

GCTGCGGCTGCAGCTGCGGCAGCCG

CAGCTGCGGCTGCAGCTGCAGCGGA

TCCCTTGTACAGCTC

This paper R_GFP-A20stop_BamHI

Recombinant DNA

p416 25Q GAL Krobitsch et al.91 RRID:Addgene_1185

p416 103Q GAL Krobitsch et al.91 RRID:Addgene_1186

GAL 46Q+ProGFPp416 Duennwald et al.92 RRID:Addgene_15581

GAL 72Q+ProGFPp416 Duennwald et al.92 RRID:Addgene_15582

The full lists of plasmids used in this

paper are listed in Tables S2 (Yeast)

and S4 (Mammalian)

This paper N/A

Software and algorithms

BioRender BioRender www.biorender.com; RRID:SCR_018361

FIJI Schindelin et al.93 https://imagej.net/software/fiji/; RRID:SCR_002285

FlowJo BD Biosciences RRID:SCR_008520

GraphPad Prism version 10.0.3 GraphPad Software, Boston,

Massachusetts USA

www.graphpad.com; RRID:SCR_002798

ZEN Blue 3.4 Carl Zeiss, Germany RRID:SCR_013672

R statistical software version 4.4.1 R Project https://www.r-project.org; RRID:SCR_002394

Other

Amersham Hybond-N+ Cytiva Cat#RPN303B

ChemiDoc MP Imaging System Bio-Rad Cat#12003154

Amersham ImageQuant 800 Fluor Cytiva Cat#29399484

LSM980 with Airyscan2 confocal microscope Zeiss NA

Mini Trans-Blotª cell Bio-Rad Cat#1703930

Nitrocellulose membrane, 0.45 um Bio-Rad Cat#1620115
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains
S. cerevisiae strain BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0) was obtained from Euroscarf. All other strains reported in this

paper were derived from BY4741 and are listed in Table S1. Yeast cells were cultured at 30�C unless otherwise stated in either

YPD (1% yeast extract, 2% peptone, 2% glucose) or synthetic drop-out media, consisting of 0.67% yeast nitrogen base supple-

mented with an appropriate carbon source (2% of glucose, raffinose or galactose) and amino acids. Details of yeast culture are

described under method details.

Human cell lines
HEK293T (embryonic), HeLa (female) and SH-SY5Y (female) cells were obtained fromATCC. The cells weremaintained in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), GlutaMax, penicillin and streptomycin at

37�C in a humidified atmosphere containing 5% CO2. Details of cell culture are described under method details.

METHOD DETAILS

Yeast culture and transformation
Yeast were cultured at 30�C unless otherwise stated in either YPD (YPD: Yeast extract-Peptone-Dextrose medium; 1%Bacto-yeast

extract, 2% Bacto-peptone, 2% glucose) or synthetic drop-out (SD) media, consisting of 0.67% yeast nitrogen base without amino

acids (Sigma, Y0626) supplemented with an appropriate carbon source of 2% glucose (Sigma, G8270), raffinose (Nacalai Tesque

Japan, 30001-15) or galactose (Sigma, G0625) and amino acids: 0.04 g/L adenine sulfate (Sigma, A8626), 0.04 g/L L-tryptophan

(Sigma, T0254), 0.02 g/L L-arginine hydrochloride (Sigma, A5006), 0.03 g/L L-tyrosine (Sigma, T3754), 0.03 g/L L-lysine hydrochlo-

ride (Sigma, L5626), 0.05 g/L L-phenylalanine (Sigma, P2126), 0.1 g/L L-glutamic acid (Sigma, G1626), 0.1 g/L L-asparagine (Sigma,

A8381), 0.15 g/L L-valine (Sigma, V0500), 0.2 g/L L-threonine (Sigma, T8625), 0.375 g/L L-serine (Sigma, S4500), 0.02 g/L

L-methionine (Sigma, M9625), 0.02 g/L uracil (Sigma, U0750), 0.02 g/L L-histidine hydrochloride (Sigma, 53370), 0.06 g/L leucine

(Sigma, L8000). Where indicated, cycloheximide (1 ng/mL, Sigma, 1810) or doxycycline (10 mg/mL, Sigma, D9891) were

supplemented.

BY4741 has the [PIN+] phenotype. To generate the [pin-] strain, WT [PIN+] was plated on YPD containing 3 mM guanidine hydro-

chloride (Sigma, G3272).58 To confirm the loss of [PIN+], GFP-tagged Rnq1 (Rnq1-GFP) was expressed. Endogenous Rnq1 prions in

[PIN+] cells template Rnq1-GFP aggregation, resulting in puncta formation (Figure S5F). In contrast, Rnq1-GFP remains diffuse in

[pin-] cells.

Yeast plasmid transformations were performed using the LiAc/SS carrier DNA/PEG method.94 Briefly, yeast cells in logarithmic

phase were centrifuged and washed twice with water before heat shock at 42�C for 20 min with a mixture of lithium acetate (LiAc;

Sigma, 62393), single-stranded carrier DNA (SS carrier; Sigma, D1626), polyethylene glycol (PEG 3350; Sigma, P4338) and

exogenous DNA. Transformed cells were plated on appropriate selection media. Yeast integrating plasmids were linearised with

an appropriate restriction enzyme before transformation, and correct genomic integration was confirmed via PCR using primers

complementary to upstream, downstream, and within the insert.

Plasmid design
All plasmids used are listed in Table S2 (yeast) and Table S4 (mammalian).

Plasmids were constructed using standard cloning procedures using appropriate primers and restriction enzymes and were

verified using Sanger sequencing (Bio Basic Asia Pacific).

The stalling reporter CGA4 was synthesised by inserting four CGA repeats directly after GFP using a primer. This fragment was

cloned into the yeast vector pRS416GAL1 under the GAL1 promoter using the restriction sites XbaI and BamHI, followed by 2x

HA tags flanked by BamHI and HindIII and mCherry flanked by HindIII and ClaI.

For tRNA overexpression plasmids, we amplified the respective tRNA coding region together with 5’ and 3’ flanking sequences

(more than 150 bp each), which contain the native promoter and terminator of the gene. Amplicons were inserted using SacI and

BamHI into pRS425 plasmids (2m, multi-copy).

We designed C-terminal polyamino acid tail constructs to incorporate a mixture of codons for each amino acid, with proportions

determined according to the codon usage in S. cerevisiae. Tails were created either with primers or with synthesized gene fragments
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(Twist Bioscience, USA). Primers were used to extend GFP with T10, A10, T20 and A20. T20 and A20 sequences were flanked by

BamHI and HindIII. There were four main gene fragment designs. First, T30 and S30 were synthesized in the form: BamHI-T/

S30-stop codon (TGA)-HindIII. Second, Q30 and N30 were initially synthesized as shorter fragments of Q16 and N16 and were sub-

sequently extended to 30 amino acid repeats using a PCR-free method.95 Cloning using Type IIS restriction sites allowed for scarless

extension of the polyamino acid sequence to 30 repeats. Third, the rest of the tails were synthesized in the form BamHI-Tail-stop

codon (TGA)-EcoRI-spacer-HindIII. Tails were cloned into yeast vectors under the GAL1 promoter, or in the mammalian vector

pcDNA3.1(-) under the CMV promoter, downstream of XbaI-GFP/BFP-BamHI. The list of artificial CAT tails can be found in

Table S3. Fourth, N-terminal FLAG- and HA-tagged polythreonine tails (FLAG/HA-T30/T20/T10) were synthesized in the form:

XbaI-FLAG/HA-Tail-stop codon (TGA)-EcoRI-spacer-HindIII and cloned into the yeast vector pRS416 under the GAL1 promoter.

All DNA constructs in this study, including polyamino acid tails, were verified using Sanger sequencing.

To synthesize fluorescent-tagged organelle markers for the nucleus (Nic96-GFP or mCherry) and the yeast vacuole (Vph1-

mCherry), NIC96 and VPH1, together with their promoters, were inserted into pRS41X yeast vectors using the restriction sites

SacI-BamHI and SacI-HindIII respectively. For Nic96 reporters, either mCherry (BamHI-XhoI) or GFP (BamHI-ClaI) were inserted

immediately downstream of NIC96. For Vph1 reporters, mCherry (HindIII-XhoI) was inserted.

The HSR reporter strains were generated by integrating the HSR plasmid, containing the pRS403 backbone, into WT, ltn1D or

ltn1D/RQC2 overexpression cells via homologous recombination within the HIS3 locus. The HSR plasmid design was adapted

from a previous report.33 A GFP reporter was cloned under a crippled CYC1 promoter that lacks activity, with regulation occur-

ring exclusively through four tandem repeats of the heat shock element (HSE) upstream. Consequently, GFP expression levels

are proportional to the activity of heat shock factor 1 (Hsf1). mCherry, cloned under the constitutive TEF2 promoter, served as

an internal control, indicating overall cellular gene expression level. mCherry-tagged chaperone strains (Sis1-mCh, Ydj1-mCh,

Ssa1-mCh, Ssa2-mCh and Hsp104-mCh) were generated through homologous recombination using PCR amplicons

comprising: mCherry-ADH1 terminator and a HIS3 marker expression cassette, flanked by 45 bp homologous sequences allow-

ing for homologous recombination at the C terminus of the target chaperone gene. Amplicons were amplified using the plasmid

pFA6a-mCherry-tADH1-pTEF1-skHIS3-tTEF1. GFP in the original plasmid96 was replaced by mCherry in this study using HindIII

and AscI.

Vectors for C-terminal GFP-tagged Huntingtin proteins of various polyglutamine lengths (Htt25Q, Htt46Q, Htt72Q and Htt103Q)

were obtained from Addgene (#1185, #15581, #15582 and #1186, respectively) and used directly without modification in yeast.

Htt25Q, Htt46Q and Htt72Q, along with the GFP tag, were PCR amplified from their yeast vector and inserted into pcDNA3.1(-) using

the restriction sites XbaI and XhoI.

Mammalian cell culture and transfection
HEK293T, HeLa and SH-SY5Y cells were obtained from ATCC. Cell lines were cultured in DMEM (Gibco, 11960044) supplemented

with 10% FBS (GE HyClone, SV30160.03), 1X GlutaMax (Gibco, 3505061), 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco,

15140122) at 37�C in a humidified atmosphere containing 5% CO2.

Plasmid transfection was performed using Lipofectamine 3000 (Invitrogen, L3000015) into 70% confluent cell culture.

Yeast lysate preparation
Cells were cultured overnight in appropriate selective media and harvested at OD600 = 0.4-1 to obtain minimally OD600 = 40 of cells.

Cells were harvested by centrifugation at 10,000 x g for 7 min at 4�C (Beckman High-Speed Centrifuge J-25 with JA-14 rotor, Beck-

man Coulter). Cell pellets were washed twice with water, flash frozen with liquid nitrogen and either stored at -80�C for future use or

immediately lysed via glass bead homogenization (Precellys Evolution Homogenizer, Bertin Instruments, France). Around 500 mL of

glass beads (425-600 mm, Sigma, G8772) and lysis buffer (25 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% glycerol) supple-

mented with 1X Pierce protease inhibitor (Thermo Scientific, A32965) were added to each cell pellet. Pellets were homogenized at

8,000 rpm at 0�C for 4 cycles of 40s with 90s rest between each cycle. Cell debris was cleared by 2 rounds of low-speed centrifu-

gation at 2,000 x g for 5 min at 4�C. Protein concentrations were determined using the Bradford assay (Bradford’s reagent, Bio-Rad,

5000006).

Immunoprecipitation
Immunoprecipitation for Figure S1D was performed with 500 mg of clarified lysate according to the manufacturer’s protocol. Briefly,

lysates were incubated with 12.5 mL of GFP-Trap�magnetic agarose beads (ChromoTek) for 1 hour at 4�C, washed 3 times in wash

buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.05 % Nonidet� P40 Substitute, 0.5 mM EDTA), eluted in protein solubilization buffer

and boiled for 5 min before loading.

Mammalian cell lysate preparation
Cell harvesting was performed 1-2 days post-transfection. Cells were harvested using centrifugation and cell pellets were flash

frozen using liquid nitrogen and kept at -80�C for future use.

For SDS-PAGE, cells were disrupted in RIPA buffer (Sigma, R0278) containing Benzonase (Sigma, E8263) and Pierce protease

inhibitor (Thermo Scientific, A32965) on ice for 5 min. Crude lysates were centrifuged at 2,000 x g for 5 min at 4�C and their
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concentrations were measured using Pierce 660 nm protein assay reagent (Thermo Scientific, 22660) containing ionic detergent

compatibility reagent (Thermo Scientific, 22663).

For SDD-AGE, the harvested cells were sonicated by BioruptorTM Pico (Diagenode; 30 sec of on and 30 sec of off with 10 cycles) in

lysis buffer (25 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% glycerol) with protease inhibitor. Crude lysate was centrifuged at

2,000 x g for 5 min at 4�C and protein concentrations were determined by Bradford assay.

Immunoblotting
For SDS-PAGE, lysates were boiled with protein solubilization buffer (2% SDS, 5% b-mercaptoethanol, 10% glycerol, 0.25 M Tris-Cl

pH 7.4, 0.005% bromophenol blue) at 98�C for 5 min. Samples were resolved using either 4-12% gradient or 4% stacking and 12%

resolving Bis-Tris gels in MES buffer (0.05 MMES, 0.05 M Tris, 1 mM EDTA, 0.1% SDS, 5 mM sodium bisulfite). Electro-transfer was

performed at 350mA for 1 h using theMini Trans-Blotª cell (Bio-Rad) in Towbin buffer (25 mMTris, 192mMglycine, 0.5%SDS, 20%

methanol).

To resolve high molecular weight aggregates, samples prepared by cell homogenization were resolved with semi-denaturing

detergent agarose gel electrophoresis (SDD-AGE) as previously described38 with minor modifications. Lysate samples were incu-

bated with SDD-AGE sample buffer (20 mM Tris-acetate, 0.5 mM EDTA, 5% glycerol, 2% SDS, 0.005% bromophenol blue) at

25�C for 10 min and run on a 1.5% agarose gel made with TAE buffer (40 mM Tris-acetate, 1 mM EDTA) containing 0.1% SDS at

4�C at 75 V for 3 h. Downward capillary transfer of proteins was performed overnight at room temperature using SDD transfer buffer

(10 mM Tris-Cl).

Blots were blocked in 3%milk (Sigma, 70166) for at least 30min before overnight incubation with the appropriate primary antibody

at 4�C. Blots were incubated for 1h at room temperature with secondary antibodies (1:3000, anti-mouse IgG, HRP-linked #7076 or

anti-rabbit IgG, HRP-linked #7074, Cell Signaling Technology).

Immunodetection was performed with SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34580) or

SuperSignalTM West Atto Ultimate Sensitivity Substrate (Thermo Scientific, A38554) using the ChemiDoc MP Imaging System (Bio-

Rad) or Amersham ImageQuant 800 (Cytiva). Images were processed using ImageJ software.

Northern blot for yeast tRNA
OD600 = 40 of log phase yeast cells were harvested by centrifugation and cell pellets were frozen using liquid nitrogen. Frozen cells

were homogenized in TRIzolTM reagent (Invitrogen, 15596018) using the Precellys Evolution Homogeniser (Bertin Instruments,

France). RNA was extracted via phenol/chloroform extraction and total RNA was treated with TURBO� DNase (Invitrogen,

AM2238) at 37�C for 30 min.

5 mg of purified total RNA was separated in 10% TBE-Urea polyacrylamide gel after deacylation using copper sulfate.97 Gel was

blotted on Amersham Hybond-N+ (Cytiva, RPN303B) using TE70X Semi-Dry Transfer unit (Hoefer, TE70X). Synthesized DNA probes

for tRNA were labeled by Amersham AlkPhos Direct Labelling module (RPN3680). Labeled DNA probes were hybridized in AlkPhos

Direct hybridization buffer at 55�C overnight. CDP-Star (Sigma, C0712) was used for signal generation. Fold changes of northern blot

signals were determined using Image Lab Software (Bio-Rad).

Amino acid analysis
The CGA12 stalling reporter (GFP-CGA12-mCherry) was induced overnight for the expression under theGAL1 promoter with respec-

tive tRNA overexpression. Stalled GFP reporter proteins were isolated by immunoprecipitation as described above. 8 mg of clarified

lysate in lysis buffer containing protease inhibitor was incubated with 25 mL of GFP-Trap�magnetic agarose beads (ChromoTek) for

1 hour at 4�C. After three washes, the beads were eluted in 60 mL buffer adjusted to pH 2.0. Eluates were subjected to amino acid

analysis at the UC Davis Genome Center as described previously.22 Graphs report the means of three samples. To visualize small

changes in the molar percentages of threonine and alanine, only amino acids with content levels similar to threonine and alanine

are graphed in Figures S1E and S1K.

Fluorescence microscopy
Live cell fluorescencemicroscopywas performed on yeast using the Zeiss LSM980with Airyscan confocal microscope, ZENBlue 3.4

using the Plan-Apochromat oil objective lens (63x, numerical aperture (NA) = 1.40, Carl Zeiss, Germany). Yeast cells were harvested

in the logarithmic phase (OD600 < 1) and concentrated by centrifugation at 2,000 x g before 4 mL was used for imaging. For yeast cell

counts, 3-5 fields (depending on cell density) of 3 biological replicates were taken for each sample using an inverted fluorescence

microscope (Nikon Ti-eclipse inverted fluorescencemicroscope, Plan Apo VC 100x/1.40 oil objective lens, NIS-Elements AR Imaging

Software ver3.22.00, Nikon, Japan) and counted using ImageJ software. During counting, brightness and contrast were raised for all

images to ensure smaller puncta that may be present were counted.

Live cell fluorescence microscopy was performed on mammalian cells one to two days post-transfection using the Zeiss LSM980

with Airyscan2 confocal microscope, ZEN Blue 3.4 equipped with Plan-Apochromat objective lens (20x, NA = 0.8, Carl Zeiss, Ger-

many). Cells were seeded in m-Slide 8Well high coverslips (Ibidi, 80806). To stain nuclei, Hoechst 33342 (Sigma, B2261) or NucRedTM

Live 647 ReadyProbesTM reagent (Invitrogen, R37106) were added directly into media and incubated for half an hour before imaging.

For mammalian cell counts, 3 fields of 3 biological replicates were imaged as above and counted using ImageJ software.
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All microscopy experiments in this study were conducted using live yeast and human cells, with the exception of Figure 2F. All

images were processed using ZEN Blue 3.4 and ImageJ software.

Live-cell FRAP
The FRAP (fluorescence recovery after photobleaching) assay was performed using the Zeiss LSM980 with Airyscan2 equipped with

a 1.4 numerical aperture (NA) Plan-Apochromat 63x oil-immersion lens (Carl Zeiss, Germany). The region of interest was bleached

using a 488 nm laser at 100% laser power with 10 iterations. Time-lapse images were captured for 2 minutes using the attenuated

laser power intensity (0.05%). For each indicated time point, the fluorescence intensity of the bleached region was normalized to the

fluorescence intensity measured on another cell within the same imaging field. The normalized fluorescence intensity of pre-bleach-

ing was set to 100% and the point of bleaching was set to 0%. Data were analyzed and quantified using ImageJ software and plotted

using GraphPad Prism.

Yeast immunofluorescence microscopy
Yeast immunofluorescence microscopy was performed using a protocol adapted from a previous report.98 Plasmid expression was

induced by culturing in selective media with galactose at 30�C followed by fixation with 1/10th volume of 37% w/v formaldehyde

(Sigma, F8775) before the growth exceeded OD600 = 1. The cell wall was digested using 1 mg/ml zymolyase 100T (Nacalai Tesque

Japan, 07665-55) in 100 mM sodium phosphate buffer (pH 6.5) containing 1.2 M sorbitol for 30 min at 30�C to form spheroplasts.

Blocking was performed using PBS containing 2% BSA and 0.1% Tween-20 for 5 min at room temperature in a humidity chamber.

This was followed by overnight incubation at 4�C with anti-Flag antibody (1:500 dilution, Sigma, F1804) in PBS containing 2% BSA

and 0.1%Tween-20. On the next day, cells were treated with anti-mouse Alexa 647nm (1:1000, Invitrogen, A28181) as the secondary

antibody.

Images were taken using the Zeiss LSM980 with Airyscan2 confocal microscope, ZEN Blue 3.4 equipped with Plan-Apochromat

objective lens (63x, NA = 1.40, Carl Zeiss, Germany).

Spotting growth assay
Cells refreshed in SD raffinosemedia were diluted to a starting OD600 of 0.1 before 5-fold serial dilutions were performed. 4 mL of each

dilution was spotted onto SD glucose (control/uninduced) and galactose (induced) plates. Where indicated, cycloheximide or doxy-

cycline was supplemented to a final concentration of 1 ng/mL or 20 mg/mL respectively. Plates were incubated at 30�C for 48-72 h

and imaged (ChemiDoc MP Imaging System, Bio-Rad). Images were processed using ImageJ software.

Flow cytometry
All cells were maintained at 25�C. Approximately OD600 = 1 of logarithmic phase cells were pelleted, washed once with 1X PBS, and

resuspended in 1 mL of 1X PBS. Fluorescence measurements were performed at room temperature using the BD LSRFortessaTM

X-20 Cell Analyzer with the BD FACSDivaTM software (BD Biosciences). FlowJoTM v10 software (BD Biosciences) was used for an-

alyses and GraphPad Prism (version 10.0.3, GraphPad Software) was used to generate graphs.

Median fluorescence values were used for calculations. Graphs report log2 GFP/mCh fluorescence ratios normalized to the appro-

priate controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses performed are indicated in the figure legends of the relevant data, including n values. In all cases, analyses were

performed using Microsoft Excel, R Statistical Software (version 4.4.1) and/or GraphPad Prism (version 10.0.3). Error bars represent

standard error of the mean. Statistical significance was assessed using Student’s t test (two-tailed, unpaired) for experiments with

two sample groups and one-way ANOVA analysis followed by Tukey’s range test for experiments withmore than two sample groups.

All p values are reported to three significant figures.
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