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SUMMARY

The anchor-away (AA) technique enables rapid depletion of nuclear proteins by tethering them to cyto

plasmic anchors through rapamycin-induced heterodimerization. In Saccharomyces cerevisiae, this system 

is restricted to rapamycin-resistant strains, as the drug inhibits TOR signaling and hinders the heat-shock 

response, precluding its application in stress-related studies. Moreover, this AA method is not rapidly revers

ible, limiting studies that require transient perturbation and functional restoration. To overcome these con

straints, we developed an alternative AA system that uses the plant hormone abscisic acid (ABA) to induce 

conditional association of the target to its cytoplasmic anchor. Gene expression and microscopy analyses 

demonstrate that the ABA-AA system enables rapid and fully reversible depletion of highly abundant nuclear 

proteins. Unlike rapamycin, ABA is non-toxic, does not cause major gene expression changes, and is suitable 

for diverse genetic backgrounds. The ABA-AA system, therefore, provides a broadly applicable alternative 

for nuclear protein depletion across eukaryotic systems.

INTRODUCTION

Common approaches to characterizing protein function in yeast 

include permanently knocking out the gene encoding it or gener

ating a conditional allele (e.g., a temperature-sensitive mutant). 

However, essential genes cannot be deleted or inactivated, 

and generating temperature-sensitive mutants can be labor- 

intensive, often leading to slow loss of function of the protein 

of interest. Moreover, in the latter case, the required tempera

ture increases can trigger heat stress responses, which can 

overshadow the adaptive response caused by the deactivation 

of the protein of interest.

A popular alternative strategy to conditional gene knockouts is 

genetic depletion, which can be mediated by promoters or ribos

witches. In most instances, endogenous promoters are replaced 

with inducible ones. Typical conditional promoters include the 

native pGAL and pMET, which are turned off by glucose and 

methionine, respectively,1,2 or heterologous promoters that are 

repressed in the presence of doxycycline/tetracycline.3–5 Simi

larly, riboswitches inserted into the 5′ untranslated region 

MOTIVATION Existing tools for conditional nuclear protein depletion carry liabilities that limit their utility in 

certain experimental contexts. Promoter-based strategies require alterations to nutrient conditions and 

extended incubation periods, while some degron-based systems demand careful titration to avoid basal 

target degradation. The widely used rapamycin-dependent AA system is fast-acting in yeast but costly: 

the drug inhibits TOR signaling and therefore requires a specialized genetic background that compromises 

the heat-shock response. This renders it incompatible with studies of stress-induced transcriptional reprog

ramming. Here, we describe an AA system based on abscisic acid (ABA)-dependent dimerization that 

sidesteps these drawbacks and is also fully reversible, offering a broadly applicable, inexpensive, non-toxic 

alternative for nuclear protein depletion in eukaryotes. 
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(UTR) of the target gene can, upon ligand binding, block ribo

some scanning and thus modulate translation initiation of the 

gene product in a controlled manner.6–8 The disadvantages of 

these conditional depletion systems are that they often involve 

altering culture nutrient conditions and long incubation periods 

to achieve sufficient depletion of the target protein.

In contrast, engineered chemically induced dimerization (CID) 

methodologies can often achieve significant and rapid depletion 

of the target protein, often in less than 30 min, thereby minimizing 

noise introduced by secondary responses. CID systems employ 

inducers, which are small membrane-permeable molecules that 

promote stable interactions between two distinct protein do

mains. Such is the mode of action underlying the two most 

broadly used CID variants, namely the auxin-inducible degron 

(AID) and the anchor-away (AA) methods9–15 (Figure 1A). In the 

AID system, the target is tagged with an AID epitope that binds 

the rice protein TIR1 in the presence of auxin (Figure 1A). In 

turn, TIR1 recruits ubiquitin ligases to polyubiquitinate the 

protein of interest, marking it for proteasomal degradation 

(Figure 1A).

The AA technique relies on ligand-induced export of the target 

protein to the cytoplasm, where it remains sequestered on ribo

somes or membrane-bound factors.14 This procedure leverages 

the ability of the human 12 kDa FK506 binding protein (FKBP12) 

and the 11 kDa FKBP12-rapamycin-binding (FRB) domain of hu

man mTOR to form a stable heterodimer in the presence of rapa

mycin16 (Figure 1B). In the original version of the protocol, the 

target protein is marked with the FRB domain, and the FKBP12 

domain is genetically fused to the ribosomal protein Rpl13A,17

allowing the latter to act as a highly abundant cytoplasmic an

chor (Figure 1B). Following its translation, Rpl13A is imported 

into the nucleus, where it is incorporated into 60S pre-ribosomal 

particles (Figure 1B). Bound to almost fully mature 60S particles, 

Rpl13A is exported back to the cytoplasm, where it then contrib

utes to protein biosynthesis (Figure 1B). Therefore, in the pres

ence of rapamycin, the target-FRB protein is dragged out of 

the nucleus and sequestered to translating ribosomes in the 

cytoplasm (Figure 1B).

Despite proving tremendously powerful, each of these CID 

methods has disadvantages. The original AID system was hin

dered by the cytotoxicity of auxin. The hormone can also un

dergo photodecomposition into harmful derivatives18 that, if 

accumulated, cause growth defects. Additionally, the method 

displayed basal or ‘‘leaky’’ degradation of the target protein as 

TIR1 weakly associates with the tagged target even in the 

absence of auxin, leading to unintended proteasomal degrada

tion.19 These problems have largely been alleviated by substitut

ing auxin with indole-free analogs18 that are more stable and less 

toxic or by the AID2 methodology, which uses bump-and-hole 

engineering to prevent basal proteolysis and vastly reduces the 

ligand concentration required to induce target depletion.20

Regardless, the expression of the TIR1 protein still needs to be 

carefully tuned, as too high levels can induce uncontrolled break

down of the target protein even in the absence of auxin.15,20,21

The primary liability of the rapamycin-dependent AA system is 

its reliance on rapamycin. In addition to being expensive, this 

drug can bind to the yeast homolog of FKBP12 (Fpr1) to form 

an inhibitory complex that blocks the kinase activity of Tor1, 

which regulates cell growth, metabolism, and nutrient responses 

as a key component of the TOR signaling. To circumvent this 

problem, the AA technique must be applied to rapamycin-resis

tant strains, such as the HHY168 W303 strain that encodes a 

mutant version of TOR1 (tor1-1) and lacks FPR1 (Δfpr1). Being 

the most abundant FK506-binding protein in yeast,22 Fpr1 was 

Figure 1. Chemically induced dimerization approaches for condi

tional depletion of nuclear proteins 

(A) The auxin-inducible degron (AID) system requires the AID epitope to be 

fused to the protein of interest. Upon auxin addition, the TIR1 auxin receptor 

binds the AID degron tag, recruiting the Skp, Cullin F-box (SCF) E3 ubiquitin 

ligase complex (Skp1, Cul1, and Rpx1), which polyubiquitylates the AID tag 

and promotes proteasomal degradation of the target protein. 

(B) Rapamycin-dependent anchor-away (AA) technique. Newly synthesized 

Rpl13A-FKBP anchor protein is rapidly imported into the nucleus and incor

porated into pre-ribosomal particles. In the presence of rapamycin, the anchor 

forms a tight complex with FRB-fused target proteins and, when associated 

with pre-60S complexes, drags the target protein into the cytoplasm, where it 

is sequestered on translating ribosomes. 

(C) The ABA-AA system fuses the PYL domain to the Rpl13A anchor. Here, 

abscisic acid (ABA) acts as chemical inducer triggering dimerization of the 

PYL-tagged Rpl13A to the ABI-tagged target protein.
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Figure 2. ABA is a non-toxic inducer that drives controlled depletion of Nab3 as efficiently as reported AID or rapamycin-dependent systems 

(A) Spot test analyses of the AID system. NAB3-AID and PRP22-AID carried a pZTRL plasmid encoding the TIR1 auxin receptor under a β-estradiol-inducible 

promoter. PRP22-AID and BY4741 served as positive and negative controls, respectively. Serial dilutions were spotted onto plates containing minimal medium 

supplemented with glucose with the indicated doses of auxin and/or β-estradiol and incubated at 30◦C for 48 h. 

(B) Spot test analysis comparing ABA and rapamycin-dependent AA systems. ABA selectively inhibited growth in NAB3-ABI while remaining innocuous to NAB3- 

FRB and parental strains. Rapamycin impaired colony formation in all strains except HHY168, a rapamycin-resistant W303 strain lacking FPR1 and carrying 

(legend continued on next page) 
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also removed in HHY168 to ensure that it would not compete 

with the FRB-tagged targets for the available FKBP12-fused an

chors.23 Apart from being technically challenging to implement in 

different background strains, this required genetic background 

(tor1-1 and fpr1Δ) also diminishes the cell’s capacity to activate 

the heat-shock response.24

We have been investigating the role of the Nrd1-Nab3-Sen1 

(NNS) transcriptional termination complex in regulating rapid 

adaptive responses in yeast upon changes in nutrient availabil

ity.25,26 Accordingly, the rapamycin AA strategy is not ideally 

suited to investigating these proteins, which orchestrate tran

scriptional reprogramming of its targets precisely under these 

stress conditions.26–30

To address some of the problems associated with this AA sys

tem, we have modified a CID system that exploits the plant 

phytohormone abscisic acid (ABA) to trigger dimer formation be

tween a yeast target protein and its cytoplasmic anchor. Prior to 

our work, this CID had been successfully implemented in 

mammalian systems31 (Figure 1C). In plants, ABA docks into 

the PYL domain of the RCAR, a receptor of the ABA signaling 

pathway, enabling the latter to associate with the ABI domain 

of the ABI1 protein phosphatase.32 This ABA-dependent CID 

event has been harnessed to build a synthetic spindle check

point in fission yeast.33 Inspired by this study, we recognized 

the potential of ABA in an AA system: it is inexpensive, non-toxic, 

and, since it engages in relatively weak interactions with PYL, its 

effect can be readily reversed by simply washing out the hor

mone31,33,34 (Figure 1C).

Here, we demonstrate that ABA-dependent CID can be effec

tively employed as an AA system to deplete nuclear proteins in 

Saccharomyces cerevisiae. We show that ABA-AA rapidly and 

reversibly sequesters the abundant nuclear protein Nab3 in the 

cytoplasm and can deplete other highly abundant proteins, 

including the proteasome component Rpn11. Compared with 

the rapamycin-dependent variant, the ABA-AA requires longer in

cubation times and higher doses of the ABA ligand to deplete the 

target protein and elicit the accompanying phenotypic effects. 

Nevertheless, we demonstrate that, contrary to other ligands 

used, ABA is innocuous, as it does not significantly impair cellular 

growth or dramatically alter gene expression in exponentially 

growing cells, even at very high concentrations. Moreover, we 

show that, unlike existing AA approaches, it is also fully reversible. 

This makes ABA-AA ideal for studying dynamic processes. 

Requiring the generation of only two fusion proteins, the ABA- 

AA system is readily applicable to diverse genetic backgrounds, 

environmental conditions, and other eukaryotic organisms.

RESULTS AND DISCUSSION

ABA-AA recapitulates Nab3 depletion without toxicity in 

S. cerevisiae

We, as well as others, have previously employed the rapamycin 

AA system to successfully deplete a variety of nuclear RNA 

surveillance factors, demonstrating the effectiveness of this 

approach.26,35–38 However, as it relies on the tor1-1 and fpr1Δ 
mutations, this procedure may affect the TOR signaling pathway, 

which is intimately linked to nutrient sensing.39,40 We reasoned 

that introducing disturbances in that metabolic route was not 

ideal while examining the function of proteins in adaptation 

to nutrient starvation. One such factor is Nab3, an essential 

RNA-binding protein involved in transcription termination that or

chestrates transcriptional reprogramming during glucose or 

nucleotide shortage.

We, therefore, sought an alternative strategy for depleting 

Nab3 from the nucleus without interfering with TOR kinase activ

ity. We first tested an optimized yeast auxin-induced degron 

(AID) system15 (Figure 1A), which represented the state-of-the- 

art at the time this project started. This procedure involves fusing 

the AID domain to the Nab3 C terminus and transforming the 

strain with a plasmid encoding a β-estradiol-inducible version 

of TIR1 (pZTRL). To test whether this procedure triggers the 

growth defects associated with loss of Nab3, we exposed the re

sulting Nab3-AID + pZTRL strain to different growth conditions: 

(1) the absence of any ligands (Figure 2A; ‘‘untreated’’); (2) a me

dium containing a mix of auxin and β-estradiol, wherein TIR1 

would be expressed and able to induce degradation of the 

AID-labeled target; (3) plates containing β-estradiol to induce 

TIR1 expression; and (4) auxin alone, which by itself can moder

ately impair cell growth (Figure 2A). To confirm these expecta

tions, we monitored the growth of a strain in which the splicing 

factor Prp22 had been previously depleted with the same AID 

system (Figure 2A).15 Conversely, the BY4741 reference strain 

was used as a negative control for tolerance to auxin and heter

ologous TIR1 expression (Figure 2A).

As anticipated,15 the AID system efficiently degraded 

Prp22-AID in an auxin- and TIR1-dependent manner (Figure 2A). 

However, β-estradiol-induced TIR1 expression alone caused 

substantial growth defects in the Nab3-AID strain, indicating 

auxin-independent degradation (Figure 2A). This finding reem

phasizes the importance of carefully fine-tuning TIR1 induction 

and production.15,21 Notably, tuning TIR1 expression remains a 

caveat even in improved systems like AID2, where the auxin- 

ligand-related drawbacks have almost been eliminated.20 Addi

tion of auxin alone caused significant growth defects, and this 

was slightly exacerbated in Nab3-AID (Figure 2A). We propose 

that, combined with the administration of auxin, leaky expression 

of TIR1 from the pZTRL plasmid resulted in uncontrolled proteol

ysis of Nab3-AID.

We, therefore, aimed to develop a conditional nuclear deple

tion system that was simpler and had fewer toxicity issues. We 

evaluated an abscisic acid (ABA)-based CID system. ABA is 

innocuous to cultured mammalian cells,31 inexpensive, chemi

cally stable, and has been applied as a dimerization inducer in 

other yeasts.33,34 To test whether ABA was indeed harmless to 

S. cerevisiae, we monitored the growth of BY4741 in media con

taining high concentrations of the hormone (i.e., 500 μM and 

tor1-1, which served as the parental control for NAB3-FRB. BY4741 was included as a negative control. Serial dilutions were spotted onto minimal glucose 

medium with the indicated dose of ABA or rapamycin. 

(C and D) Time-resolved optical density measurements depicting the mean (line) and the standard deviation (shading) of three technical repeats. Two inde

pendent clones were examined for each ABA-dependent AA strain.
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2 mM, 2 and 8 times more than the tested concentration in fission 

yeast, respectively33; Figures 2B and 2C). Our assays show that 

even millimolar concentrations of ABA did not noticeably impair 

cell growth (Figures 2B and 2C).

Next, we assembled the genetic parts needed for a functional 

ABA-AA system. We constructed a strain expressing a hemag

glutinin (HA)-tagged PYL domain (PYL-3XHA, 26 kDa) fused to 

the ribosomal protein Rpl13A (RPL13A-PYL). Next, in the 

RPL13A-PYL strain, we then C-terminally fused the FLAG- 

tagged ABI domain (ABI-3xFLAG, 37.4 kDa) to Nab3 (NAB3- 

ABI). We also generated a strain with reversed domain architec

ture (RPL13A-ABI and NAB3-PYL). However, Rpl13A-ABI was 

non-functional as an anchor. We speculate this could be due 

to the ABA-ABI-PYL interaction geometry or different epitope 

sizes (25 kDa vs. 37.4 kDa).

Because the ABI and PYL domains comprised relatively large 

epitopes, we tested whether the target and anchor proteins re

mained fully functional. Even though RPL13A is a non-essential 

gene, tagging it with the 26 kDa PYL-3HA domain could affect 

the activity of Rpl13A and inhibit translation to some extent. 

Moreover, even mild deficiencies of Nab3 termination can 

severely disrupt cellular physiology.25 Introducing the PYL- 

3xHA tag downstream of Rpl13A did not significantly alter the 

growth of RPL13A-PYL compared with the BY4741 reference 

on agar and in liquid cultures (Figures 2B and 2C). However, inte

grating the ABI domain to the C terminus of Nab3 modestly 

reduced growth (RPL13A-PYL-3xHA NAB3-ABI-3xFLAG) 

compared with the BY4741 parental strain (Figure 2C; ‘‘un

treated’’). Although such defect is not observed in the NAB3- 

FRB (RPL13A-2xFKBP12 NAB3-FRB) strain, some C-terminal 

fusions are known to slightly reduce Nab3 function.30 Indeed, 

the ABI epitope is approximately three times the molecular 

weight of the FRB domain (37.4 kDa vs. 11 kDa). It is, therefore, 

not surprising that a larger tag would partially compromise the 

physiological role of Nab3. This is an important practical consid

eration when employing the ABA-AA system for other nuclear 

proteins. Nevertheless, the fact that this growth defect was not 

immediately apparent from spot-test analyses underscores the 

mildness of the defect (Figure 2B; ‘‘Untreated’’).

We conclude that the genomic integrations required for our 

ABA-AA system largely preserved the function of the target 

and anchor proteins.

We then assessed whether fusing ABI and PYL to the target 

(i.e., Nab3) and the anchor (i.e., Rpl13A) allowed us to reproduce 

the growth defects associated with Nab3 loss in the presence of 

rapamycin.30,37,41 We first spotted serially diluted cultures onto 

solid medium containing a range of ABA concentrations. While 

250 μM ABA is sufficient to induce protein relocalization in fission 

yeast and murine cells,31,33 spot assays did not reveal a pro

nounced growth defect in the NAB3-ABI strain at concentrations 

up to 200 μM (Figure S1). Given that Nab3 is a highly abundant 

protein (Table 1), higher ABA doses may be required for effective 

depletion. We, therefore, also tested concentrations of 500 μM 

and 2 mM ABA and found that 500 μM ABA already achieved 

growth defects (Figures 2B and 2C) comparable to those 

observed in NAB3-FRB treated with 1 μM rapamycin 

(Figures 2B–2D). We note, however, that growth assays in liquid 

and solid media showed discrepancies in the severity of the 

growth defects caused by Nab3 relocation to the cytoplasm in 

both strains. Spot-test assays pointed toward a greater effect 

of rapamycin in the NAB3-FRB strain than that of ABA in the 

NAB3-ABI strain, an effect that becomes particularly apparent 

at a dilution factor of 103 (Figure 2B). Microplate reader growth 

assays, however, revealed a more pronounced impact of Nab3 

nuclear depletion in the NAB3-ABI strain than in its NAB3-FRB 

counterpart (Figures 2B and 2C). This likely reflects three con

founding factors. First, growth is an integrative readout that re

flects the combined impact of Nab3 loss across all its targets, 

meaning that even a relatively modest degree of nuclear deple

tion may be sufficient to substantially impair growth. Second, 

the tor1-1 and Δfpr1 mutations required for rapamycin sensitivity 

compromise TOR signaling independently of Nab3 depletion, 

potentially dampening the additional growth defect in the 

NAB3-FRB strain. Finally, this could also be owing to changes 

in the non-linearity of OD565 and cell counts in both strains; 

W303, the reference strain from which HHY168 is derived, is 

larger, has a lower overall protein concentration, and has larger 

vacuoles than BY4741.42

Importantly, the ABA-induced growth defect persisted for 24 h 

(Figure 2C), confirming that ABA remains stable in liquid medium 

at 30◦C. Together, these results demonstrate that ABA is an 

innocuous, inexpensive, and stable dimerization agent capable 

of recapitulating the Nab3 depletion phenotypes previously 

achieved with the rapamycin-driven AA.

ABA only marginally impacts gene expression in 

S. cerevisiae

Although 500 μM and 2 mM of ABA did not noticeably affect cell 

growth, we tested whether it altered gene expression by 

comparing transcriptomes of BY4741 cultures grown in minimal 

medium with 1% methanol solvent (control), 500 μM ABA, or 

2 mM ABA. After 5 h of exponential growth, cells were harvested 

for RNA sequencing. The resulting data were processed using 

the pyCRAC pipeline,44 and a statistical comparison between 

treated samples and the methanol control was performed using 

DESeq245 (Figure 3; Table S1).

Gene read counts across the three replicates were highly 

correlated (Figure 3A), suggesting that the independent experi

ments generated reproducible results. Likewise, comparison of 

mean gene read coverage in treated and untreated samples 

showed that treating cells with ABA or methanol did not have 

major impacts on gene expression (Figures 3B and 3C). Howev

er, ABA treatment did significantly increase expression of several 

mitochondrial ribosomal RNAs (i.e., 21S rRNA and 15S rRNA), 

Table 1. Median molecules per cell according to the unified 

protein abundance dataset generated by Ho et al.

Protein Function

Median abundance 

(molecules/cell)

Prp22 pre-mRNA splicing 1,099 ± 570

Nab3 transcription termination 5,830 ± 2,339

Rpn11 proteasome component 16,400 ± 4,500

Rpl13A ribosomal protein 51,290 ± 37,073

The dataset was generated by Ho et al.43
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two genes encoding a mitochondrial aldehyde dehydrogenase 

(ALD5), and a guanosine diphosphate (GDP) dissociation factor 

(GDI1). In addition, ABA treatment increased the levels of three 

small nucleolar RNAs (snoRNAs; snR5, snR49, and snR80; 

Figure 3C).

The few differentially expressed genes showed no clear 

connection to known ABA effects. Notably, ALD5 (encoding 

aldehyde dehydrogenase) was upregulated. While trace abscisic 

aldehyde (AB-ald, an Ald5 substrate and ABA biosynthesis inter

mediate) in our high-purity ABA (≥98%) could explain this in

crease, ALD5 was similarly elevated in methanol-only cultures 

(fold-change: 1.24; adjusted p value = 0.45; Table S1). Since 

Ald5 oxidizes formaldehyde (produced from methanol by alcohol 

dehydrogenases) to formic acid, ALD5 upregulation likely re

flects methanol metabolism rather than ABA exposure.

Consistent with enhanced activity of the mitochondrial alde

hyde dehydrogenase, upregulation of the mitochondrial ribo

somal RNAs could equally stem from ABA treatment. In plants, 

ABA is known to alter mitochondrial redox balance, thereby 

affecting mitochondrial gene expression.46 Since mitochondrial 

redox signaling routes are largely conserved among species, it 

is plausible that such mitochondrial transcriptome changes 

are, at least partially, echoed in yeast. Ultimately, this could 

explain why ABA addition increases 21S and 15S rRNA levels, 

Figure 3. ABA treatment modestly alters gene expression profiles in Saccharomyces cerevisiae 

(A) Pearson correlation coefficients between the n = 3 independent biological replicates conducted under each condition (i.e., untreated BY4741, 1% methanol, 

500 μM ABA, and 2 mM ABA). 

(B) Comparison of BY4741 gene expression levels under the tested conditions. Diagonal images show density plots of log-transformed fragments per million 

(FPM) values; (bottom) pairwise scatterplots of gene expression; (top) Pearson correlation coefficients between sample groups. 

(C) Volcano plots summarizing the outcome of the differential expression analysis conducted on the RNA-sequencing datasets obtained for each biological 

replicate under the tested conditions. Highlighted proteins (in red) were deemed differentially expressed; log2(fold-change) of more than 1 and a false discovery 

rate (FDR) of ≤ 0.05.
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which are encoded within the mitochondrial chromosome. Gdi1 

regulates the traffic of vesicles by controlling the dissociation of 

GDP from GTP-binding proteins.47 Interestingly, in rice, ABA has 

been shown to induce the synthesis of OsRhoGDI2, a stress- 

responsive GDI.48 However, the molecular basis underlying 

this phenomenon remains uncharacterized.

Thus, ABA concentrations up to 2 mM cause neither growth 

defects nor major transcriptional changes in budding yeast.

The ABA-AA system confers fully reversible depletion of 

Nab3

NAB3-ABI required 2000-fold more ligand than did NAB3-FRB 

(500 μM ABA vs. 0.25 μM rapamycin; Figures 2B–2D), indicating 

that the rapamycin-FKBP12-FRB ternary complex is more stable 

than the ABA-PYL-ABI complex. This difference reflects the 

binding affinities underpinning each target-anchor interaction: 

the ABI-PYL interaction has a KD of 52 μM in the presence of 

ABA,49 whereas the FKBP12-rapamycin-FRB ternary complex 

binds ∼4300-fold more tightly (KD of ∼12 nM).16 Despite 

requiring higher ligand concentrations, the weaker PYL-ABA- 

ABI interaction should enable full reversibility.

To confirm the concentration difference and compare deple

tion kinetics and reversibility, we performed time-resolved ana

lyses of Nab3 nuclear depletion in both strains. We added ligand 

to induce depletion, then washed the cells to remove the drug 

and assess reversibility. To quantify depletion efficiency and 

reversibility in this time-resolved assay, we exploited the Nrd1- 

Nab3-Sen1 (NNS) complex requirement for SNR13 snoRNA 

termination and 3′ end processing50 (Figure 4A). When any 

NNS component is depleted, Pol II transcribes beyond the 

normal SNR13 termination site and continues to synthesize spe

cies that extend to the downstream TSR31 gene50 (Figure 4A). 

These SNR13 readthrough products can be quantified by real- 

time quantitative PCR (RT-qPCR) reaction and have served as 

a reliable proxy for Nab3, Nrd1, and Sen1 depletion efficiency 

in previous work.27,38,51 To determine Nab3 depletion kinetics, 

we measured 3′ extended SNR13 levels for two hours following 

ligand addition (Figures 4B and 4C). To assess reversibility, we 

washed out rapamycin or ABA and quantified SNR13 read

through for an additional two hours (Figures 4B and 4C).

Approximately one hour of ABA treatment was sufficient to 

detect significant accumulation of 3′ extended SNR13 species 

in NAB3-ABI cells (Figure 4B). Extended SNR13 species in 

NAB3-FRB were readily detected after 15 min of rapamycin 

treatment (Figure 4C). Due to the higher affinity of the FKBP12- 

rapamycin-FRB ternary complex, rapamycin both depleted 

Nab3 faster and sequestered a greater fraction of the Nab3 

pool compared with ABA (Figure 4D). After two hours of treat

ment, extended SNR13 levels in NAB3-FRB were 7-fold higher 

than in NAB3-ABI (Figure 4D). However, the rapamycin system 

showed minimal recovery: SNR13 processing remained 

impaired two hours after drug removal (Figures 4C–4E). At this 

time point, SNR13 readthrough levels in NAB3-FRB were 

6-fold higher than pre-treatment levels (Figure 4E). Strikingly, 

SNR13 readthrough continued increasing until 90 min after rapa

mycin removal (Figures 4C–4E). In contrast, 3′ extended SNR13 

in NAB3-ABI began decreasing 15 min after ABA withdrawal and 

returned to pre-treatment levels within 1–1.5 h (Figure 4B).

These assays demonstrate that, despite being slower than the 

rapamycin-based system (15 min vs. 60 min to achieve signifi

cant SNR13 readthrough), the ABA-AA induced phenotypes 

that were fully reversed after 90 min. Even though more gradual 

depletion kinetics may render the ABA-dependent system 

slightly less suited than its rapamycin-driven counterpart in sce

narios requiring nuclear depletion of the target, its reversibility 

makes the ABA-driven conditional depletion system a powerful 

tool for studying nuclear protein dynamics. For instance, tempo

rarily retaining a cytoplasmic pool of target protein provides an 

ideal starting point to study nuclear import kinetics. After 

inducing partial depletion with ABA, hormone removal allows 

the target to return to the nucleus, and reimport can be tracked 

using live-cell fluorescence microscopy (see the following text), 

such as fluorescence recovery after photobleaching (FRAP),53

which quantifies the rate and extent of molecular movement by 

monitoring how quickly fluorescence returns to a bleached re

gion over time. It should also be possible to study transcription 

dynamics by temporarily titrating transcription factors and/or 

RNA polymerase subunits from the nucleus to the cytoplasm 

and following how transcription resumes after their controlled re

introduction. Another advantage of the ABA-AA system in this 

experimental setup is that, by gradually restoring the native 

distribution and concentration of the target protein, it avoids 

saturating the nuclear import machinery and reflects the 

import-export balance more accurately than methods that fail 

to reinstate the original steady-state distribution (e.g., the rapa

mycin-mediated AA).

Although ABA is considerably cheaper per mole than rapamy

cin, the 500-fold higher concentration required (500 μM vs. 1 μM) 

Figure 4. The ABA-AA system enables fully reversible nuclear depletion of proteins 

(A) Diagrammatic representation of SNR13 snoRNA termination. SNR13 (purple) and TRS31 (green) loci lie on chromosome IV and are transcribed by the RNA 

polymerase II (Pol II). The Nrd1-Nab3-Sen1 (NNS) complex binds to nascent SNR13 snoRNAs and Pol II, promoting transcription termination and release of the 

snoRNA transcript. Assembly of NNS onto their SNR13 snoRNA targets prevents interference with downstream TRS31 transcription. Loss of Nab3 results in 

transcriptional readthrough of Pol II from SNR13 into TRS31. 

(B and C) Relative abundances of 3′ extended SNR13 transcripts were measured using RT-qPCR and normalized to the measurement recorded right before 

administering 500 μM ABA or 1 μM rapamycin (0 min). The inducer was added at mid-exponential growth phase, and RNA was isolated from samples gathered 

periodically. After 2 h of treatment, the hormone and the drug were washed away, and RNA was extracted from cells collected at the indicated intervals. 

Quantification cycles (Cq) were normalized using TidyqPCR,52 using median Cq values of the RDN5 and PGK1 reference genes to calculate the differential Cq 

(ΔCq) and the relative abundance (2− ΔCq) for the readthrough transcripts. Each sample was measured in three technical replicates, which were averaged prior to 

analysis. Shown are means and SDs from n = 3 independent biological experiments. p values were calculated using a two-sided ratio paired t test. 

(D and E) Relative abundances of 3′ extended SNR13 transcripts in the NAB3-ABI and NAB3-FRB strains upon addition (D) and removal (E) of ABA (500 μM) or 

rapamycin (1 μM), respectively. Each sample was measured in three technical replicates, which were averaged prior to analysis. Shown are means and SDs from 

n = 3 independent biological experiments. p values were calculated using a two-sided paired t test.
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still results in medium preparation costs that are approximately 

five times higher per experiment. However, even this cost differ

ence can be eliminated by using 2-cis,4-trans-ABA, a synthetic 

analog of the hormone that has been used successfully in 

ABA-mediated CID systems in other organisms.34 Furthermore, 

as ABI and PYL tags can be readily introduced by homologous 

recombination, this system eliminates the need for additional 

cloning into the HHY168 W303 reference strain or for engineering 

rapamycin-resistant mutations into the working strain.

Rapid cytoplasmic sequestration and nuclear 

restoration of Nab3 using ABA-AA

To confirm that abscisic acid chemically induced dimerization 

(ABA-CID) effectively depletes proteins from the nucleus, we 

used live fluorescence microscopy, focusing on the abundant 

nuclear protein Nab3. mCherry was appended to the C terminus 

of Pus1 to serve as a nuclear marker, while mNeonGreen (mNG) 

was fused to the C terminus of Nab3-ABI, yielding the NAB3- 

ABI-mNG strain. Time-lapse imaging was then used to simulta

neously monitor and quantify the localization of Nab3 and Pus1 

in the presence of 2 mM ABA or 1% solvent (MetOH). Figure 5

shows the quantification of the results. Representative micro

scopy images are provided in Figures S2 and S4. Approximately 

90% of the nuclear Nab3 fluorescence signal was lost within one 

hour of ABA treatment. After 75 min, the detectable signal was 

almost entirely cytoplasmic (Figure 5A; Figure S2A), confirming 

near-complete cytoplasmic sequestration of Nab3-ABI. MetOH 

treatment did not impact Nab3 nuclear localization (Figure 5A; 

Figure S2B). These data, therefore, demonstrate that the 

observed growth and SNR13 processing defects observed in 

the NAB3-ABI strain treated with ABA are a direct result of cyto

plasmic sequestration of Nab3.

Next, to assess the reversibility of ABA-induced depletion at the 

single-cell level, we continued imaging after washing ABA out of 

the medium. After exposing cells to 2 mM ABA for 73 min, we moni

tored nuclear signal restoration by time-lapse microscopy at 

15 min intervals (Figure 5C; Figures S3A and S3B). This revealed 

that nuclear localization of the Nab3 reporter was fully restored in 

Figure 5. Nuclear localization dynamics of Nab3-ABI and Rpn11-ABI following ABA treatment and washout 

Nuclear-to-cytosolic concentration ratios for Nab3-ABI-mNeonGreen (A and C) or Rpn11-ABI–mNeonGreen (B and D) are plotted. Points show the median log2 

ratio, and error bars show the 25th to 75th percentiles. Cells were treated continuously with ABA (A and B) or subjected to a 73 min pulse followed by ABA washout 

(C and D). Nuclear and cytosolic protein concentrations were determined as the mean pixel intensity in each compartment, quantified by confocal imaging. 

Dashed lines denote ABA addition. Dotted lines denote ABA washout. Control cells treated with solvent (methanol) are shown in gray. ‘‘n’’ indicates number of 

cells in the first frame of the movie. See Figures S2–S5 for representative microscopy images
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approximately an hour, roughly the same time it took to fully 

deplete Nab3 from the nucleus in the presence of ABA.

Anomalies caused by ABA-induced Nab3 depletion are 

fully reversible

Our microscopy data provide direct visual evidence that the 

ABA-mediated AA system effectively titrates an abundant nu

clear protein to the cytoplasm and that, upon removal of the hor

mone, the proteins rapidly return to the nucleus. Yet, molecular 

re-localization and functional recovery need not be synchronous. 

Cells may take considerably longer to re-establish normal phys

iology once a protein has returned to its compartment or may fail 

to do so altogether. For researchers using ABA-AA to study nu

clear proteins with defined physiological roles, these are impor

tant practical questions: how long after hormone removal does it 

take for cells to resume normal function, and is recovery 

complete?

To address this, we examined a well-characterized physiolog

ical consequence of Nab3 depletion as a model readout. We pre

viously showed that prolonged cytoplasmic sequestration of 

Nab3, using rapamycin-mediated AA, causes a significant in

crease in cell size when cells are grown in medium containing 

a low concentration of a non-fermentable carbon source.25

This offered a convenient physiological readout, and the revers

ibility of ABA-AA made it possible to ask directly whether the cell- 

size phenotype itself is reversible upon restoration of normal 

Nab3 localization. To test this, we (i) monitored the forward scat

ter area (FSC-A) as a semi-quantitative indicator of cell size in 

NAB3-ABI and NAB3-FRB cultures for 10 h during ABA or rapa

mycin treatment, respectively, and (ii) re-analyzed both cultures 

10 h after compound removal (the ‘‘recovery phase’’). We also 

evaluated forward scatter in two control strains: RPL13A-PYL 

(anchor only) and HHY168 (rapamycin-resistant parental strain) 

treated only with the corresponding solvents (i.e., 1% methanol 

and 1% ethanol, respectively). After 10 h of recovery, NAB3-ABI 

and control strain RPL13A-PYL reached exponential phase, 

whereas NAB3-FRB remained growth-arrested (Figure 6A), con

firming rapamycin-based AA irreversibility within the tested time 

frame. ABA-treated RPL13A-PYL grew identically to solvent 

controls, while rapamycin-treated HHY168 showed mild growth 

inhibition compared with ethanol-only controls, demonstrating 

rapamycin toxicity independent of target depletion. Thus, unlike 

rapamycin, ABA-AA is not toxic.

Flow cytometry showed that NAB3-FRB forward scatter 

increased by 16% and 45% at 5 and 10 h of rapamycin treat

ment, respectively. Unexpectedly, cells continued enlarging dur

ing recovery, reaching 80% above their initial measurement 

(Figures 6B and 6C), comparable to cell size increases seen 

with conditional depletion of other NNS components.25,29,54,55

Since HHY168 showed no dimensional change throughout the 

experiment (Figures 6B–6D), we conclude that rapamycin itself 

does not cause cell enlargement in the rapamycin-resistant 

HHY168 background. Thus, the persistent increase in FSC-A in 

NAB3-FRB confirms that the drug remains bound to the complex 

for a significant time after washing away the drug and the Nab3 

rapamycin-based AA is not fully reversible.

NAB3-ABI forward scatter profile remained unchanged for the 

first 5 h of ABA treatment but increased by ∼16% at 10 h 

(Figures 6B and 6C). Importantly, NAB3-ABI returned to normal 

dimensions within 10 h of ABA removal (Figures 6B–6D), con

firming full reversibility of ABA-AA. These results demonstrate 

that ABA-AA can be used not only to effectively deplete nuclear 

proteins of interest but also to assess whether phenotypes 

arising from their loss are fully reversible, a question that is diffi

cult to address cleanly with other approaches.

The ABA-AA system is applicable to abundant nuclear 

proteins

The effectiveness of any CID technique depends on the abun

dance of the target protein relative to that of the anchor. 

Rpl13A is present at around 50,000 molecules per cell, making 

it roughly 9 times more abundant than Nab3 (Figure 7A; 

Table 1). Although Nab3 is among the most abundant proteins 

(80th percentile; Figure 7A; Table S2), we tested whether ABA- 

AA could deplete even more abundant proteins.

We generated an RPL13A-PYL strain with ABI fused to the 

essential proteasome component Rpn11, which is present at 

∼16,000 copies per cell (95th percentile; Figure 7A; Table 1; 

Table S2). We then performed growth assays on agar plates 

and in liquid culture containing 500 μM or 2 mM ABA 

(Figures 7B and 7C), with NAB3-ABI as a positive control and 

BY4741 as a negative control. RPN11-ABI grew normally without 

ABA, indicating that the tag does not impair function. Consistent 

with its greater molecular count, Rpn11 appeared to be less effi

ciently depleted from the nucleus than Nab3. Notably, increasing 

the ABA concentration to 2 mM exacerbated the growth defect 

of the RPN11-ABI strain (Figures 7B and 7C). In agreement 

with previous technical recommendations,15,20,21 this observa

tion reinforced the importance of optimizing the inducer concen

tration to achieve target protein abundance. Given that the 

aqueous solubility of ABA (0.3 mg/mL) is superior to that of rapa

mycin (2.6 μg/mL), the former can be added to the medium in 

concentrations far exceeding those reported here, with no risk 

of precipitation even at 2 mM. Since both tested concentrations 

of ABA induced substantial RPN11-ABI growth defects 

(Figures 7B and 7C), ABA-AA can deplete even highly abundant 

proteins, providing a valuable alternative to rapamycin- 

based AA.

Figure 6. Growth defects and dimensional anomalies arising from ABA-induced nuclear depletion are fully reversible 

(A) Recorded optical densities of NAB3-ABI and NAB3-FRB and parental strain cultures 10 h after removing ABA (500 μM) or rapamycin (1 μM) from the medium. 

Lines and shading represent the means and SDs of three technical replicates. 

(B and C) Weighted means and SDs of cell size (FSC-A values in flow cytometry) for n = 3 independent biological repeats of NAB3-ABI, RPL13A-PYL, NAB3-FRB, 

and HHY168, measured before treatment (0 h); after 5 and 10 h of ABA (500 μM), rapamycin (1 μM), or solvent addition; and 10 h after compound removal 

(recovery). Values were normalized to the pre-treatment measurement for each strain. p values were calculated using a two-sided unpaired Student’s t test. 

(D) Flow cytometry traces of the FSC-A distribution of NAB3-ABI and NAB3-FRB and their parental strains treated with the indicated dimerization agent or its 

solvent (methanol or ethanol) alone. Representative of n = 3 independent biological repeats.
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To verify that the ABA-AA system achieves complete cyto

plasmic sequestration and full rapid restoration of highly abun

dant nuclear proteins, we applied our time-resolved live-cell mi

croscopy approach described earlier to a RPN11-ABI-mNG 

(RPL13A-PYL-3xHA RPN11-ABI-3xFLAG-mNeonGreen PUS1- 

mCherry) strain. As with Nab3-ABI, the green signal emitted by 

Rpn11-ABI became predominantly cytoplasmic within 76 min 

of supplementing the medium with 2 mM ABA and relocated to 

the nucleus within an hour of hormone removal (Figures 5B 

and 5D; Figures S4A and S4B; Figures S5A and S5B). Together, 

these results demonstrate that the ABA-AA system achieves 

complete nuclear depletion of even highly abundant target pro

teins and permits their full and rapid restoration following hor

mone withdrawal.

In summary, we have shown that ABA-AA efficiently depletes 

nuclear proteins in a fully reversible manner, even when the 

target is highly abundant. The rapidity of both depletion and 

restoration makes the system particularly well suited for studying 

dynamic nuclear processes and for dissecting the kinetic rela

tionship between protein localization and cellular phenotypes, 

including whether those phenotypes are themselves reversible. 

Unlike rapamycin, ABA is non-toxic to wild-type yeast, does 

not dramatically alter gene expression, and is suitable for diverse 

genetic backgrounds. Requiring only two fusion proteins, ABA- 

AA provides a non-toxic and broadly applicable alternative for 

conditional and reversible protein depletion in budding yeast 

and other eukaryotes.

Limitations of the study

The ABA-AA method has certain limitations that should be 

considered. Although ABA is largely innocuous to S. cerevisiae 

and does not cause major transcriptional changes at the con

centrations used, it is not completely neutral; we observed 

modest effects on the expression of mitochondrial rRNAs and 

a small set of nuclear genes, indicating that chronic ABA expo

sure may subtly influence mitochondrial function or redox ho

meostasis. The ABA-PYL-ABI interaction is considerably weaker 

than the FKBP12-rapamycin-FRB complex, necessitating rela

tively high micromolar to millimolar hormone concentrations 

and resulting in slower depletion of Nab3 compared with the ra

pamycin-based AA. This slower onset may limit the applicability 

of ABA-AA in experimental setups that require very rapid protein 

removal from the nucleus, but it also underlies the full reversibility 

of the system, which is difficult to achieve with rapamycin-medi

ated depletion. Although we showed that ABA-AA can be effec

tively applied to very highly abundant nuclear proteins such as 

Rpn11, efficient depletion in such cases required higher ABA 

concentrations and/or longer incubation times, and optimal con

ditions are likely to be target- and context-dependent.

The original rapamycin-dependent AA system demonstrated 

that yeast histone (H2B) and membrane-bound proteins 

(Pma1) can also serve as effective anchors.14 We have not yet 

assessed whether such alternative anchors are compatible 

with ABA-AA. Since all functional interference observed here 

was achieved using a ribosomal anchor, we cannot completely 

rule out the possibility that some of the observed phenotypic ef

fects reflect steric interference arising from tethering the target 

protein to translating ribosomes rather than its removal from 

the nucleus per se.

Finally, it is important to note that the ABI domain is relatively 

large and, therefore, C-terminal tagging can partially compro

mise protein function.
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Figure 7. ABA-dependent AA can deplete even the most highly abundant nuclear proteins 

(A) Cumulative distribution of molecules per cell for the Saccharomyces cerevisiae43,56 nuclear proteome (Table S2). Indicated are the abundances of Nab3 and 

Rpn11. 

(B) Spot test analyses testing the efficiency of the ABA-AA system in selectively relocalizing Rpn11. NAB3-ABI served as a positive control for detecting defects in 

the presence of ABA. The BY4741 reference and the parental RPL13A-PYL strain served as negative controls. Serial dilutions of cells were spotted onto plates 

containing minimal medium supplemented with glucose and the indicated dose of ABA or rapamycin. 

(C) Time-resolved optical density measurements depicting the mean (line) and the standard deviation (shading) of three technical repeats. Two independent 

clones were examined for the RPN11-ABI and NAB3-ABI strains.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

NEB® 5-alpha competent E. coli (High Efficiency) New England Biolabs Cat# C2987H

Chemicals, peptides, and recombinant proteins

cOmpleteTM, EDTA-free protease inhibitor cocktail Roche Cat# 04693132001

RQ1 RNase-free DNase Promega Cat# M6101

RQ1 DNase stop solution Promega Cat# M199A

RNace-ItTM ribonuclease cocktail Agilent Technologies Cat# 400720

Abscisic acid (ABA) TOKU-E Cat# A153-500MG

Rapamycin Sigma-Aldrich Cat# 553210-1MG

Water, DEPC-treated, molecular biology grade Sigma-Aldrich Cat# 693520

RNasin® ribonuclease inhibitor Promega Cat# N2115

Thermo ScientificTM FastAP thermosensitive alkaline 

phosphatase (1 U/μL)

Thermo Fisher Scientific Cat# 10699730

Terminator 5′-phosphate-dependent exonuclease Thermo Fisher Scientific Cat# NC1460234

Proteinase K, recombinant, PCR grade Roche Cat# 03508838103

SuperScript IV Thermo Fisher Scientific Cat# 18090010

SuperScriptTM IV RT reaction buffer Thermo Fisher Scientific Cat# 18090050B

CircLigase ssDNA ligase Thermo Fisher Scientific Cat# NC9439450

InvitrogenTM NovexTM TBE Gels, 6% Thermo Fisher Scientific Cat# EC6265BOX

Brilliant III ultra-fast SYBR® green qPCR master mix Agilent Technologies Cat# 600883

Random primer mix New England Biolabs Cat# S1330S

Critical commercial assays

Agilent high-sensitivity DNA kit Agilent Technologies Cat# 5067-4626

Ribo-Zero Gold rRNA Removal Epidemiology Kit Illumina Discontinued

QubitTM RNA HS assay kit Thermo Fisher Scientific Cat# Q32852

Agilent RNA 6000 Pico kit Agilent Technologies Cat# 5067-1513 RUO

Deposited data

RNA-sequencing in the NAB3-ABI strain grown in 

glucose-containing SC -Trp medium (i) without any 

additional treatments, (ii) with 1% (v/v) methanol, or 

supplemented with (iii) 500 μM ABA or (iv) 2 mM ABA.

This study GEO accession number: GSE149746

Experimental models: Organisms/strains

Saccharomyces cerevisiae BY4741 Brachmann et al.57 N/A

S. cerevisiae HHY168 (W303 tor1-1 fpr1Δ) Haruki et al.14 N/A

S. cerevisiae HHY168 RPL13A-2xFKBP12 NAB3-FRB van Nues et al.26 N/A

S. cerevisiae BY4741 RPL13A-PYL-3xHA NAB3-ABI- 

3xFLAG

This study N/A

S. cerevisiae BY4741 RPL13A-PYL- 3xHA NAB3-ABI- 

3xFLAG-mNeonGreen PUS1-mCherry

This study N/A

S. cerevisiae BY4741 RPL13A-PYL-3xHA RPN11-ABI- 

3xFLAG

This study N/A

S. cerevisiae BY4741 RPL13A-PYL-3xHA RPN11-ABI- 

3xFLAG-mNeonGreen PUS1-mCherry

This study N/A

S. cerevisiae BY4741 PRP22-AID::HYG This study N/A

S. cerevisiae BY4741 NAB3-AID::HYG This study N/A

(Continued on next page)

Cell Reports Methods 6, 101517, September 21, 2026 e1 

Article
ll

OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains and growth conditions

Saccharomyces cerevisiae BY474157 was the parental reference used to generate all the strains in this study. A list of all strains is 

provided in Table S3.

PCR-based modification was employed to fuse ABI domains downstream of NAB3 and RPN11; to integrate the PYL epitope 

distally to RPL13A; and to C-terminally tag NAB3 and PRP22 with AID, as previously described.65,66 The coding sequence of the 

ABI and PYL domains, as well as the AID tag, were amplified from the pFA6a-ABI-KanMX6, pFA6a-PYL-NatMX6, and pURA3- 

AID*-6FLAG vectors using the oligonucleotides listed in Table S4.15,33 Additionally, strains to be treated with the AID technology 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for the tagging of PRP22 and RPN11 in the 

BY4741 strain and NAB3 and RPL13A in BY4741 and 

HHY168, see Table S4

This study N/A

Primers for real-time PCR, see Table S4 This study N/A

Primers for RNAtag-Seq, see Table S4 Shishkin et al.58 N/A

Recombinant DNA

pZTRL Mendoza-Ochoa et al.15 N/A

pURA3-AID*-6FLAG Mendoza-Ochoa et al.15 N/A

pFA6a-PYL-NatMX6 Amin et al.33 N/A

pFA6a-ABI-KanMX6 Amin et al.33 N/A

Software and algorithms

DESeq2 Love et al.45 https://bioconductor.org/packages/release/bioc/ 

html/DESeq2.html

Flexbar Dodt et al.59 https://github.com/seqan/flexbar

FlowJo 10.8.1 BD Biosciences https://www.flowjo.com/

ggplot2 Wickham60 https://ggplot2.tidyverse.org/

ImageJ Schneider et al.61 https://imagej.net/ij/

matplotlib Hunter62 https://matplotlib.org/

Novoalign Novocraft https://www.novocraft.com/products/novoalign/

Omniplate Montaño-Gutierrez et al.63 https://git.ecdf.ed.ac.uk/pswain/omniplate

Prism 8.0.1 GraphPad Software https://www.graphpad.com/

pyCRAC Webb et al.44 https://git.ecdf.ed.ac.uk/sgrannem/pycrac

seaborn Waskom, 202164 https://seaborn.pydata.org/

TidyqPCR Wallace and Haynes, 202152 https://github.com/ropensci/tidyqpcr

Other

Amersham ImageQuantTM 800 system Cytvia Life Sciences Cat# 29399481

BD LSR-Fortessa BD Biosciences Discontinued

EMCCD camera Evolve, Photometrics N/A

GFP-B, GFP/mCherry (59022) exciter Nikon N/A

Infinite F200 microplate reader Tecan Discontinued

LightCycler® 480 instrument II Roche Cat# 05015243001

NovaSeq 6000 system Illumina Cat# 20012850

OptoLED light source Cairn Research P111/002/000

Perfect focus system (PFS) Nikon N/A

QubitTM 4 fluorometer Thermo Fisher Scientific Cat# Q33238

sCMOS camera Prime95B, Photometrics N/A

Ti-E inverted microscope Nikon Discontinued

100 x 1.4 NA oil-immersion objective Nikon MRY10060

2100 bioanalyzer instrument Agilent Technologies Cat# G2938C
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were transformed with the strain with the pZTRL plasmid, which codes for a β-estradiol-inducible version of TIR1. For clarity, a sum

mary of the main features of each plasmid used for generating yeast strains is provided in Table S5.

The mCherry and mNeonGreen fusions were constructed via C-terminal tagging of the endogenous locus using a lithium acetate- 

based transformation protocol. Pus1 was tagged with mCherry as a nuclear marker in NAB3-ABI (SG1098) and RPN11-ABI 

(SG1109). The then ABI domain was then subsequently fused to an mNeonGreen to create NAB3-ABI-mNeonGreen (MS1178) or 

RPN11-ABI-mNeonGreen (MS1179).

Yeast cells were grown in YPDA medium or synthetic complete (SC) minimal medium lacking tryptophan (SC -Trp) containing 2% 

(w/v) glucose as a carbon source. Agar plates of the same medium were prepared by supplementing the media with agar to a final 

concentration of 1% (w/v). Liquid cultures were incubated at 30◦C with shaking at 190 rpm. Cells grown on Petri dishes were incu

bated at 30◦C in a static incubator for 48 h, then stored at 4◦C. Liquid and solid media was supplemented with 500 μM or 2 mM ABA 

(TOKU-E, A153), 0.25 or 1 μM rapamycin (Sigma-Aldrich), 750 μM auxin and/or 10 μM β-estradiol.

All strains were pre-cultured in medium containing 2% (w/v) glucose for 24 h prior to the start of the experiment. The cells used in all 

experiments were harvested during the exponential growth phase, except for those of the NAB3-FRB strain grown after rapamycin 

was removed from the medium (Figure 5D). For spot-test and microplate reader assays, cells were grown in 5 mL cultures. While 

RNA-sequencing was performed on extracts of cells collected from 25 mL cultures, real-time quantitative PCR and flow cytometry 

were conducted on samples harvested from 100 mL cultures. RNA was isolated from cells that were either pelleted by centrifugation 

(3202 rcf, 5 min) or by vacuum filtration, snap-frozen by submersion in liquid nitrogen, and stored at − 80◦C.

METHOD DETAILS

Spot-test growth assays

Pre-cultures were diluted in 5 mL of SC -Trp to an OD600 of 0.1 and incubated for 3 to 4 h at 30◦C. Cells were then pelleted, washed 

with fresh medium, and resuspended in 1–3 mL of SC -Trp to reach an OD600 of 1. The resulting batches of cells were equally divided 

among the number of conditions (i.e., plates containing 500 μM ABA, 2 mM ABA, 1 μM rapamycin, 750 μM auxin, and/or 10 μM 

β-estradiol). Spot-test series were performed following 10-fold dilutions of the preceding culture. After inoculation with the relevant 

strains, plates were incubated at 30◦C for 2 days.

Microplate reader growth assays

Yeast cells from a culture in the mid-logarithmic growth phase were resuspended in fresh medium to a starting OD565 of 0.1. Two 

hundred μL was then transferred to three separate wells of a UV-sterilised 96-well black non-treated polystyrene microplate (Thermo 

Fisher Scientific) and its accompanying lid (Grenier). Triplicate controls comprising the same volume of sterile medium were also 

included for each examined condition. Absorbance was monitored in Infinite M200 (Tecan) microplate readers every 5–10 min at 

a constant temperature of 30◦C while undergoing 535 s of orbital shaking at an amplitude of 6 mm between each recording time point.

Microplate reader data was analyzed using the Omniplate package.63 The software corrected the OD565 measurements by sub

tracting the absorbance signal from the wells containing media only and compensated for the non-linear relationship between OD565 

measurements and cell count at higher absorbance values. Corrected OD565 values were plotted using Python’s seaborn package.

RNA extraction

For RNA sequencing, RNA extracts from replicate samples were generated from three different BY4741 colonies grown on different 

days. 5 mL SC -Trp medium cultures were incubated overnight before being used to inoculate 20 mL of SC -Trp, SC -Trp supple

mented with 1% methanol, SC -Trp with 500 μM of ABA dissolved in 1% methanol, and SC -Trp containing 2 mM abscisic acid solu

bilised in 1% methanol. After 5 h of growth, cells were harvested at an OD595 of approximately 0.5. RNA was purified following the 

established GTC-acid phenol extraction.67

For the RT-qPCR experiments assessing SNR13 readthrough levels, 25 mL SC -Trp pre-cultures were used to inoculate 100 mL SC 

-Trp cultures at an initial OD595 of 0.15. After two hours, when cultures were undergoing early exponential phase (OD600 0.3–0.4), 5 mL 

of culture were spun down (3202 rcf, 5 min) and snap frozen. Cells were then incubated with either ABA solubilised in 1% methanol to 

a final concentration of 500 μM or with rapamycin dissolved in ethanol to a final concentration of 1 μM. Five mL of culture was har

vested from the treated flasks at regular intervals for up to 120 min following the addition of dimerisation agents. Subsequently, cells 

were collected by centrifugation (3202 rcf, 5 min) and washed twice in phosphate-buffered saline (PBS) before being resuspended in 

fresh SC-Trp medium lacking ABA or rapamycin. Similarly, 5 mL of culture were harvested periodically (15 min after removing ABA/ 

rapamycin and then every 30 min after that) for up to 2 h.

RNA sequencing

RNA integrity was verified using the total RNA 6000 Nano kit on the 2100 Bioanalyzer (Amersham). Sequencing libraries from 3 bio

logical replicates were generated using a modified version of the RNAtag-Seq protocol.58 One microgram of RNA from each sample 

was fragmented in FastAP phosphatase buffer for 6 min at 92◦C in a final reaction volume of 20 μL. Subsequently, sheared RNA was 

dephosphorylated using 10 units of FastAP phosphatase and treated with 8 units of TURBO DNase (Thermo Fisher Scientific) in the 

presence of 40 units of rRNasin RNase inhibitor (Promega) for 30 min at 37◦C in a 40 μL mix. Three prime adapters (Table S4; 
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‘RNAtag_3adap’) were ligated to the dephosphorylated 3′ ends for 90 min at 22◦C in a 40 μL reaction volume with 1x T4 RNA ligase 

buffer, 9% DMSO, 10mM ATP, 20% PEG8000 and 24 units rRNAsin (Promega). RNA was phenol-chloroform extracted and purified 

by ethanol precipitation.

Ribosomal RNA was subsequently removed using the Ribo-Zero Gold rRNA Removal Epidemiology Kit (Illumina) according to the 

manufacturer’s procedures. Free adapters were removed using the Terminator 5′-phosphate-dependent exonuclease (Thermo 

Fisher Scientific) according to the manufacturer’s procedure. The cDNA synthesis reaction was performed with Superscript IV 

following the manufacturer’s procedures at 55◦C for one hour in a final volume of 14 μL. RNA was removed by adding 4 μL of 1N 

NaOH. A second ligation reaction was performed with the 3Tr3 DNA adapter (Table S4) with CircLigase ssDNA ligase (Thermo Fisher 

Scientific) according to the manufacturer’s procedures. Free adapters were subsequently removed using the Terminator 5′-phos

phate-dependent exonuclease. The cDNA library was amplified by PCR using the P5 forward and barcoded reverse primers 

(2P_rev_1 and 2P_rev_2; Table S4) for 24 cycles. PCR products were resolved on a 6% TBE gel (Thermo Fisher Scientific), from which 

180–400 bp fragments were excised. Final DNA concentration was measured using the Qubit 4 (Thermo Fisher Scientific) and the 

high-sensitivity DNA assay on the 2100 Bioanalyzer (Agilent).

RNA-sequencing analysis

RNA sequencing was performed at NovoGene (Cambridge; 150bp PE). Raw FASTQ files were processed using the pyCRAC pack

age (version 1.4.644) using the CRAC_pipeline_PE pipeline.26 Briefly, adapter trimming was performed using Flexbar (version 3.4.059) 

and reads were demultiplexed using pyBarcodeFilter.py. To remove PCR duplicates, reads were collapsed using the pyFastqDupli

cateRemover.py script. Subsequently, FASTA files with collapsed reads were aligned to the yeast genome (R64-1-1) using Novoalign 

(novoalign -d Saccharomyces_cerevisiae.R64-1-1.75.novoindex -f forward_reads.fasta reverse_reads.fasta -r Random; version 

2.04; www.novocraft.com), and read counts were generated using pyReadCounters.py. Differential analysis of gene expression 

was performed using the DESeq2 R package.45

Real-time quantitative reverse transcription PCR

RNA extracts were purified using RQ1 RNase-Free DNase (Promega) and reverse-transcribed by SuperScript IV reverse transcrip

tase in combination with a random primer mix (New England Biolabs). Resulting samples were combined with Brilliant III ultra-fast 

SYBR green qPCR master mix (Agilent Technologies), distributed in triplicate within a 384-well plate (Roche), and amplified in a 

LightCycler 480 qPCR instrument (Roche). Technical replicates were run in triplicate from the same RNA and averaged prior to further 

analysis. RDN5 and PGK1 served as reference transcripts in all assays. Sequences for all RT-qPCR primers are listed in Table S4. 

Data were processed using the TidyqPCR package.52

Cell size measurements using flow cytometry

1 mL from mid-logarithmic cultures was harvested, and isolated cells were fixed by the addition of 1 mL of cold 70% ethanol and 

incubated at − 20◦C overnight. On the following day, cells were permeabilised by two 10-min incubations with 800 μL of 50 mM so

dium citrate buffer (pH 7.2) at room temperature. RNace-It ribonuclease cocktail (i.e., a mixture of RNase A and RNase T1; Agilent 

Technologies) was then administered to each sample at a final concentration of 0.1 mg/mL before incubating them at 37◦C overnight. 

Following RNA digestion, proteins were hydrolyzed by adding 10 μL of 20 mg/mL proteinase K (Roche) and incubating the samples at 

55◦C for 2 h. After sonication (5 s, 25 μm), samples could then either be stored for up to 1 month at 4◦C or stained with 50 μg/mL 

propidium iodide (Sigma-Aldrich) for flow cytometry. For the latter instance, 200 μL of each set of cells were transferred into individual 

wells of a clear 96-well plate (Thermo Fisher Scientific) and analyzed in a BD LSR-Fortessa (BD Biosciences) at the Flow Cytometry 

Facility for the School of Biological Sciences of the University of Edinburgh. A total of 10,000 events were acquired per sample.

Flow cytometry analyses

Experimental files were exported in their native FCS format and analyzed in FlowJo 10.8.1. Before proceeding with downstream an

alyses, we introduced a gate to select for single cells. For cell size experiments, the normalised distribution of FSC-A values was 

plotted in histograms. The weighted average and standard deviation were calculated across the three independent biological repeats 

assessed per cell type and condition. Strains were compared using unpaired t-tests run in GraphPad Prism 8.1, which was also used 

to generate the summary bar graphs.

Microscopy-based assessment of ABA anchor-away nuclear depletion and recovery

Cells were inoculated into SC medium containing 2% glucose and cultured for 24 h at 30◦C, diluted to ensure cells were always in 

exponential growth (OD600 below 0.4). NAB3-ABI-mNG and RPN11-ABI-mNG were plated on a concanavalin A-coated (5 mg/mL 

Concanavalin A in 50 mM CaCl2 and 50 mM MnCl2) μ-Slide 8 Well high Glass Bottom plate (Ibidi, IB-80807). Imaging was performed 

on a confocal Nikon Ti2 widefield/CSU-W1 spinning disk microscope equipped with an incubation chamber and a 100 x 1.49 NA oil 

immersion objective. To assess AA nuclear depletion efficiency, time series were acquired across 11 z-planes with a step size of 

500 nm and imaged at 15-min time intervals. Cells were treated with either 1% methanol or 2 mM abscisic acid 14 min after the start 

of imaging. For the washout experiments, 73 min after adding the drug, cells were washed five times with 500 μL SCD. mCherry fluo

rescence was acquired in the Texas Red channel (561 nm excitation, 641/75 nm emission, 8% intensity, 400 ms exposure), and 
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mNeonGreen fluorescence was acquired in the GFP channel (488 nm excitation, 525/30 nm emission, 8% intensity, 400 ms expo

sure). Brightfield images were also collected to define cell boundaries. For the images shown in Figures S2–S5, exposure and 

contrast were manually adjusted in ImageJ using the same settings across the entire experiment, allowing qualitative assessment 

of mNeonGreen distribution within cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details, including exact n values, are reported in the figure legends. For microplate reader growth assays (Figures 2C, 2D 

and 7C), three technical replicates individual wells) were measured per condition, and two independent clonal isolates were exam

ined per ABA-dependent AA strain; plotted lines and shading represent the mean and SD, respectively. For RNA-seq differential 

expression analysis (Figure 3), sequencing libraries were prepared from three independent biological replicates, each derived 

from a distinct colony grown on a separate day; n represents independent cultures. DESeq2 was used to identify differentially ex

pressed genes; a gene was considered differentially expressed if the absolute log2(fold-change) exceeded 1 and the false discovery 

rate (FDR) was ≤0.05. For RT-qPCR quantification of 3′-extended SNR13 transcripts (Figures 4B–4E), n = 3 independent biological 

experiments; transcript levels were normalised to the reference genes RDN5 and PGK1 using the TidyqPCR52 package and ex

pressed relative to the value at t = 0. Bar graphs show the mean ± SD. Statistical comparisons between ABA- and rapamycin-treated 

conditions (Figures 4D and 4E) used a two-sided paired Student’s t test. For flow cytometry-based cell size measurements 

(Figures 6B and 6C), n = 3 independent biological repeats per strain; n represents independent cultures. The weighted mean and 

SD of FSC-A values were calculated per strain per condition, and strains were compared using a two-sided unpaired Student’s t 

test; analyses were performed in GraphPad Prism 8.1.

For quantification of nuclear-to-cytosolic mNeonGreen signal, the most in-focus Z-plane of each image was identified by manual 

inspection and used for segmentation. Cell boundaries were segmented automatically from brightfield images using YeaZ-v268 with 

standard settings, followed by manual correction of segmentation errors in Cell-ACDC.69 Nuclei were segmented automatically from 

the Pus1-mCherry channel using Cellpose_v470 (diameter setting 30 nm, all other settings standard), followed by manual correction. 

A separate segmentation of the cytosolic compartment was then performed using the Track sub-cellular objects function with 

tracking mode enabled. Cells lacking corresponding nuclei, and nuclei lacking matching cells, were excluded. Pairing of cells and 

nuclei was validated using an intersection over area (IoA) threshold of 0.95 to ensure accurate matches. Each segmentation step 

generated a CSV file containing mean intensity values from the mNeonGreen channel. These values were background-subtracted 

and then used to calculate the nuclear-to-cytosol mNeonGreen signal ratio using custom Python scripts.
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