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SUMMARY

The transcription factor LEAFY (LFY) plays crucial roles in flower development by
activating floral homeotic genes. Activation of LFY targets requires the combined
action of LFY and the E3 ubiquitin ligase UFO, although the precise underlying
mechanism remains unclear. Here, we show that LFY accumulates in biomolecular
condensates within the cytoplasm, while recombinant LFY forms condensates
with similar properties in vitro. UFO interacts with LFY within these condensates
and marks it for degradation. LFY levels in the nucleus are buffered against
changes in total LFY levels induced by proteasome inhibition, UFO overexpres-
sion, or mutation of lysine residues in a disordered region of LFY. Perturbation
of cytoplasmic LFY condensates by 1,6-hexanediol treatment induces the relocal-
ization of LFY to the nucleus and the subsequent activation of the LFY targetAP3
in flowers. Our data suggest that nucleocytoplasmic partitioning, condensation,
and ubiquitin-dependent degradation regulate LFY levels in the nucleus to con-
trol its activity.

INTRODUCTION

In Arabidopsis, LEAFY (LFY) is themaster regulator of flower development. LFY orchestrates floral meristem

emergence1 and regulates floral meristem identity through the activation of floral homeotic genes.2–5 Loss-

of-function mutants for the LFY gene are unable to form proper flowers and often show abnormal, leaf-like

structures.2,6 In contrast, ectopic LFY expression causes the conversion of lateral meristem as well as inflo-

rescence meristem into flowers.3 LFY encodes a plant-specific transcription factor with a C-terminal DNA-

binding domain7–9 and an N-terminal sterile alpha motif (SAM) domain, which is important for LFY

oligomerization.10,11

LFY specifies the time and place of flower development, and precise control of LFY expression is crucial.

LFY is weakly expressed in leaf primordia and LFY protein levels steadily increase until LFY reaches a

threshold triggering flowering through direct activation of APETALA1 (AP1).4,12 To specify floral organ

identity, LFY is expressed throughout the whole floral meristem,6,9 while its direct target genes, such as

AP1, APETALA3 (AP3), and AGAMOUS are only expressed in distinct spatial patterns.5,13 This indicates

that other factors are involved in fine-tuning LFY activity. The expression of the B-class gene AP3 is

restricted to a specific region of the floral meristem immediately before the initiation of petal and stamen

primordia at floral stage 3.14,15 LFY activity on theAP3 promoter is dependent on its interaction with the co-

factor UNUSUAL FLOWER ORGANS (UFO).16–20 Ectopic expression of UFO leads to the production of

more petals, caused by the ectopic expression of AP3, but this phenotype is abolished in the absence of

LFY.16 In line with this, ectopic expression of LFY alone is not sufficient to trigger ectopic AP3 expression.5

UFO belongs to the large family of F box proteins,21,22 which are known to be part of the Skp1, Cullin, F box

(SCF)-containing complex.23 It has been shown that UFO physically interacts via its F box with Ask1, a Skp1-

homolog,21,24,25 and via its C-terminal Kelch domain with the DNA-binding domain of LFY.19 The SCF com-

plex is an E3 ubiquitin ligase complex, known to mark substrate proteins for proteasome-dependent

degradation through substrate recognition by the F box.26 Although UFO was proposed to ubiquitinate

LFY (Chae et al., 2008), the precise role of UFO in regulating LFY activity and the mechanisms by which

UFO potentiates LFY to drive AP3 expression remain unclear. Recently, UFO was shown to form a
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Figure 1. Localization of LFY protein in planta

(A and B) Confocal microscopy images of A. thaliana lfy-12 mutant flower carrying LFY::LFY-GFP. Scale bar = 60 mm (A) and 5 mm (B).

(C–E) Confocal microscopy images of 35S::LFY-YFP roots (C), leaves (D) and hypocotyls (E). Scale bar = 10 mm (C) and 40 mm (D, E).

(F) Transient expression of 35S::LFY-mCit in N. benthamiana leaves. Scale bar = 10 mm. The overlay between the YFP/mCit channel and transmission view is

shown to the right (C–F).
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transcriptional complex with LFY to specify LFY binding to new cis-regulatory elements in the AP3 pro-

moter regions.20 Interestingly, such a role of UFO appears to be independent of the role of UFO in protein

degradation, since it is also observed for the UFODF-box variant that does not assemble a functional SCF

complex. Therefore, UFO regulates nuclear LFY activity to promote AP3 gene expression.

Recently, several cellular processes have been shown to rely on the formation of biomolecular condensates

that allow the compartmentalization and spatiotemporal organization of biomolecules and their activities

in eukaryotic cells.27–29 These condensates are often composed of proteins and/or nucleic acids27 and can

be formed in the nucleus or cytoplasm by liquid-liquid phase separation (LLPS), a process which separates a

solution into two or more coexisting phases.28,29 To date, only few plant transcriptional regulators have

been shown to undergo LLPS.30,31 Here, we uncover that LFY forms biomolecular condensates in the cyto-

plasm, and show that recombinant LFY forms condensates with similar properties in vitro. We show that LFY

protein homeostasis is controlled by LFY sequestration in cytoplasmic condensates and UFO-mediated

degradation. Our results indicate that these processes buffer the levels of LFY in the nucleus to ensure ac-

curate LFY activity.

RESULTS

LFY protein is localized in the nucleus and in membraneless cytoplasmic foci

To investigate the expression pattern, subcellular localization, and regulation of the LFY protein in planta,

we used a stable transgenic line of Arabidopsis thaliana expressing the functional LFY-GFP fusion protein

under the control of the LFY promoter in the lfy-12mutant background.32 Consistent with previous reports,1

imaging of the flower meristem confirmed that the LFY promoter is uniformly active in floral buds (Fig-

ure 1A). Besides being localized in the nucleus, in accordance with its transcription factor role, careful ex-

amination of LFY subcellular localization revealed the presence of cytoplasmic foci positive for LFY-GFP in

flowers (Figure 1B). This indicates that when LFY is expressed at or close to endogenous levels in stable

transgenic plants, a pool of LFY resides in cytoplasmic foci in flower cells. To establish if such cytoplasmic

structures observed in LFY-expressing cells could also be observed when LFY is ectopically expressed, and

to circumvent the difficulties of floral meristem imaging for further analyses, we imaged the 35S::LFY-YFP

stable transgenic A. thaliana line33 and 35S::LFY-mCitNicotiana benthamiana-infiltrated leaves. Analysis of

the subcellular distribution of constitutively expressed LFY confirmed the ability of LFY to form cytoplasmic

foci in A. thaliana root, hypocotyl, and leaf cells as well as in N. benthamiana leaf cells (Figures 1C–1F).

Constitutively expressed LFY-YFP/mCit in both stable transgenic plants and in N. benthamiana leaf cells

accumulated to lower levels than the functional LFY-GFP fusion driven by the LFY promoter in flowers,
2 iScience 26, 106880, June 16, 2023
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based on the analysis of corrected fluorescence levels (Figure S1A). This indicates that cytoplasmic foci

observed for ectopically expressed LFY in roots or N. benthamiana do not result from overexpression.

The ability of LFY to trigger flower formation onto inflorescences3,6 and to reprogram root cells into

flowers34,35 prompted us to investigate deeper the nature and properties of LFY cytoplasmic foci in root

cells from 35S::LFY-YFP plants. Several cellular structures exist as vesicles that yield punctate cytoplasmic

signals similar in size and shape to LFY-YFP foci when observed by confocal microscopy, including Golgi,

trans-Golgi network/early endosomes (TGN/EE), late endosomes (LE), and autophagosomes. First, to eval-

uate if the cytoplasmic foci observed for LFY-YFP were of endosomal nature, we took advantage of the

FM4-64 lipophilic dye that labels TGN/EE and LE. Although both LFY and FM4-64 labeled dotted structures

in the cytoplasm (Figure S1B), no overlap was observed between the two signals (Pearson’s coefficient r =

0.036). This was further supported by the fact that LFY-YFP foci were not sensitive to the fungal drug Bre-

feldin A (BFA), which aggregates Golgi and endosomal compartments into so-called BFA bodies labeled

by FM4-64 (Figure S1C). We then examined if LFY-YFP foci co-localized with a marker of autophagosome

formation. To that purpose, the 35S::LFY-YFP line was crossed to the ATG8E-mCh autophagy reporter line.

No significant colocalization was observed between the two signals (Pearson’s coefficient r = 0.164) (Fig-

ure S1D), even though a few LFY-YFP dots could sometimes be observed at the vicinity of ATG8E-positive

structures. Altogether, these observations indicate that, in addition to its presence in the nucleus, LFY also

exists in cytoplasmic membraneless foci.
LFY protein forms biomolecular condensates in vivo and in vitro

Recently, several proteins were shown to form biomolecular condensates in plant cells.29 Some of them,

such as the transcriptional regulators NPR1 and ARF7/ARF19, were reported to form condensates in the

cytoplasm.30,36 We therefore investigated the ability of LFY to undergo phase separation. Several features

have been associated with the propensity of proteins to form phase-separated biomolecular condensates,

such as their ability to establish multivalent interactions, and the presence of intrinsically disordered re-

gions (IDR) or prion-like domains (PLD) within them. LFY is known to oligomerize, to interact with several

proteins, and to be post-translationally modified, which might give it the potential to engage in multivalent

interactions.10,19,33 Using the predictor of natural disordered regions (PONDR, http://www.pondr.com) al-

gorithm, we identified two IDRs in LFY. The first IDR is located within the first 39 amino acids at the

N-terminus of LFY, and the second one encompasses amino acid residues 106–240 and is located between

the N-terminal SAM oligomerization and C-terminal DNA-binding domains of LFY (Figures S2A and S2B).

The search for PLD in LFY using the prion-like amino acid composition algorithm (PLAAC, http://plaac.wi.

mit.edu) revealed PLDs with a low score between amino acids 155 and 195, compared to the strongly pre-

dicted PLDs from ELF3 or ARF7 (Figure S2C) (Jung et al., 2020; Powers et al., 2020).

We wondered whether cytoplasmic LFY foci might correspond to phase-separated condensates, and

decided to further study them by live-imaging of LFY-YFP in A. thaliana. We first acquired movies to

map the dynamic properties of LFY-YFP foci. These movies showed that LFY-YFP foci were mobile, with

diffusion coefficients of approximately 0.01 mm2/s (Video S1; Figure 2A). LFY-YFP foci had the ability to

fuse with one another upon contact (Figure 2B), indicating that they exhibit liquid-like properties. We

next quantified the size, shape, and intensity of the foci (Figure 2C). All of the three parameters showed

broad but unimodal distributions, indicating that there is a single population of LFY foci. The eccentricity,

which reflects the shape of the foci, shows that most foci are not spherical (eccentricity values above zero),

suggesting that the shape of LFY foci is not dominated by a strong interfacial tension that would minimize

their surface area and promote a spherical shape.

To better grasp the dynamic properties of LFY foci, we performed fluorescence recovery after photo-

bleaching (FRAP) experiments in vivo. Liquid-like condensates are often characterized by a rapid fluores-

cent recovery on the order of seconds, while slow or no recovery is often associated with more solid-like

condensates.27 After photobleaching LFY-YFP foci in the root, a�40% recovery plateau was reached within

30 s (Figure 3D). This indicates that LFY foci are composed of a highly dynamic LFY pool that readily ex-

changes between the foci and the surrounding cytoplasm, and a less dynamic LFY pool that exchanges

much more slowly and appears as a �60% immobile fraction in the experiment. To individually assess

the internal mobility of LFY within the foci and the exchange of LFY across the boundary of the foci, we per-

formed half-FRAP in N. benthamiana leaf cells expressing 35S::LFY-mCit. For condensates assembled via

multivalent interactions driving LLPS, LFY molecules are expected to preferentially move within the
iScience 26, 106880, June 16, 2023 3
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Figure 2. LFY protein forms biomolecular condensates in planta

(A) Diffusion coefficients of condensates in root cells from 5-day-old 35S::LFY-YFP seedlings. n = 13.

(B) Time course analysis of condensate fusion in root cells from 5-day-old 35S::LFY-YFP seedlings.

(C) Analysis of the shape (top), size (center), and intensity enrichment relative to the nuclear intensity (bottom) of LFY-YFP

condensates in root cells from 5-day-old 35S::LFY-YFP seedlings. n = 13.

(D) FRAP recovery curves after photobleaching of whole condensates in roots from 5-day-old 35S::LFY-YFP seedlings.

Top: representative LFY condensate during an FRAP experiment. Scale bar = 1 mm. Bottom: FRAP recovery curve. n = 9.

Error bars represent standard deviations.

(E) Half-FRAP recovery curves after photobleaching condensates in N. benthamiana leaf cells transiently expressing

35S::LFY-mCit. Top: representative LFY condensate during a half-FRAP experiment. Scale bar = 1 mm. Bottom: Half-FRAP

curves corresponding to the normalized recovery of the fluorescence in the bleached half (green) and the normalized loss

of fluorescence in the non-bleached half (purple). The normalized intensity decrease (dip) in the non-bleached half

amounted to 27% and was significantly larger than the dip for a freely diffusing protein (n = 9; p-value = 5$10�9, one-sided

t-test).37 The same curves without the correction of immobile fractions are shown in the inset. Error bars represent

standard errors of the mean.
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condensates. This is due to the fact that multiple interactions among LFY molecules have to be simulta-

neously broken when LFY molecules cross the interface of the condensate to enter the dilute phase, while

this is not the case when LFY molecules stay within the condensate and only exchange between its two-

halves. Such preferential internal mixing is reflected by a pronounced intensity decrease in the non-

bleached half, whose depth scales with the strength of the barrier at the condensate interface.38,37 After

photobleaching one-half of an LFY focus, we observed a rapid recovery of the intensity in the bleached

half (Figure 2E) that can be caused by LFY exchange with the surrounding cytoplasm and/or internal mixing

of LFY proteins between the bleached and the non-bleached half. To assess preferential internal mixing, we

monitored the intensity in the non-bleached half of the foci, which showed a pronounced intensity decrease

(Figure 2E). This indicates that LFY can readily move within the foci and that LFY exchange across the

boundary is partially restricted. In order to quantify the interfacial barrier and the interfacial tension from

the half-FRAP data, we used the recently developed MOCHA-FRAP workflow.37 The apparent interfacial
4 iScience 26, 106880, June 16, 2023
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Figure 3. LFY condensate formation in vitro is concentration-dependent

(A) In vitro condensate formation of recombinant ATTO647N-LFY-His at 0.5, 1.0, 2.5, 5.0, and 10.0 mM concentration. Scale bars = 5 mm.

(B) Snapshots of condensates of recombinant LFY-His during FRAP experiments conducted in vitro.

(C) FRAP recovery curves for LFY-His condensates formed at LFY concentrations of 0.5 (pink), 1.0 (green), 2.5 (blue), 5.0 (violet), and 10.0 mM (orange).

(D) Quantification of immobile LFY fraction in condensates formed at increasing LFY-His concentrations. Error bars represent the standard error of the mean.
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barrier and the apparent interfacial tension of LFY foci amounted to 0.02 kT/molecule and 0.36 mN/m,

respectively, which is similar to the values reported for other biomolecular condensates such as FUS-con-

taining stress granules.37,39 Taken together, our results suggest that LFY foci consist of a less dynamic and a

more dynamic LFY pool, with the latter one showing hallmarks of LLPS.

The ability of LFY to form liquid-like condensates may be due to the intrinsic propensity of LFY to undergo

LLPS, or through interactions between LFY and other proteins that form condensates.We therefore evaluated

the in vitro behavior of recombinant LFY-His protein purified fromEscherichia coli. LFY-His readily formed con-

densates as a function of protein concentration (Figure 3A). At low concentration, LFY formed spherical

droplet-like condensates indicative of LLPS, while at higher LFY concentration, more irregularly shaped aggre-

gate-like structures were obtained. We next performed FRAP experiments to analyze the dynamics of the

different types of LFY condensates (Figures 3B and 3C). For spherical droplet-like condensates, we observed

a complete recovery within less than a minute. With increasing LFY concentration, the immobile fraction

increased and reached 85% for irregularly shaped condensates (Figure 3D). These results show that LFY

can form condensates containing protein pools with different dynamic properties in vitro, which is reminiscent

of its behavior in vivo.
UFO interacts with LFY and mediates its continuous ubiquitination and degradation

LFY is known to interact with the Kelch domain of UFO that also engages into a SCF E3 ubiquitin ligase

complex in which the F box domain of UFO directly interacts with ARABIDOPSIS SKP1-LIKE proteins.21,40

We therefore set out to address the possible role of UFO in LFY regulation. Consistent with previously pub-

lished results,19 we confirmed that UFO has the ability to mediate LFY ubiquitination during in vitro ubiq-

uitination assays (Figures S3A and S3B). We then evaluated the subcellular localization of the UFO protein

by transient expression of a 35S::UFO-mCh construct in N. benthamiana. UFO displayed a mostly nuclear

localization, but also showed cytoplasmic foci (Figure 4A). When UFO-mCh was coexpressed with LFY-

mCit, both fluorescent signals co-localized in the nucleus and also in cytoplasmic foci (Pearson’s coefficient

r = 0.736) (Figure 4B). To directly examine the interaction between LFY and UFO, we took advantage of the

bimolecular functional complementation (BiFC) assays. We used LFY oligomerization as positive control for
iScience 26, 106880, June 16, 2023 5



Figure 4. UFO interacts with LFY in the nucleus and in cytoplasmic foci

(A) Transient expression of 35S::UFO-mCh in N. benthamiana leaves. Scale bar = 10 mm. Arrows indicate examples of

cytoplasmic foci. Insets with higher magnification are shown.

(B) Transient coexpression of 35S::LFY-mCit and 35S::UFO-mCh in N. benthamiana leaves. mCit and mCh are false

colored in green and magenta for better visualization of colocalization. Scale bar = 10 mm. Arrows indicate examples of

cytoplasmic foci. Insets with higher magnification are shown.

(C) Bimolecular functional complementation of LFY and UFO in N. benthamiana leaves. LFY oligomerization was used as

positive control, and the absence of LFY-URI interactions as negative control. Scale bar = 10 mm. In all panels, the overlay

between mCitrine/mCherry fluorescence channels and the transmission view are shown. Arrows indicate examples of

cytoplasmic foci. Insets with higher magnification are shown.

ll
OPEN ACCESS

iScience
Article
BiFC and the URI transcription factor as negative control (Figure 4C). BiFC confirmed the ability of LFY and

UFO to interact in the nucleus, but also highlighted their interaction in cytoplasmic foci (Figure 4C).

The interaction between LFY and UFO prompted us to evaluate the impact of UFO expression on LFY pro-

tein levels. Because LFY expression is largely restricted to themeristem, we could not detect LFY protein by

western blot analyses in wild-type and ufomutant backgrounds. We therefore monitored LFY protein levels

by crossing lfy/LFY::LFY-YFP to ufo-2, and compared the fluorescence levels of lfy/LFY::LFY-YFP and ufo/

lfy/LFY::LFY-YFP in the meristem. Confocal microscopy imaging of the meristem highlights the stronger

signals obtained when LFY::LFY-YFP is expressed in the ufo mutant background, consistent with a role

of UFO in LFY degradation (Figures 5A and 5B). Furthermore, we transiently expressed LFY-mCit or LFY-

mCit/UFO-mCh in N. benthamiana and monitored LFY protein levels. The overexpression of UFO clearly

and reproducibly reduced LFY protein accumulation as observed by western blot (Figures 5C and 5D),

while LFY mRNA accumulated to similar levels between the two tested conditions (Figure 5E).

To gain further insight into the regulation of LFY by UFO in vivo, we expressed the UFODF-box version of

UFO, which lacks the domain mediating its recruitment into a functional SCF E3 ligase complex. Consis-

tently, LFY interacted with UFODF-box as shown by BiFC (Figure 5F), both in the nucleus and in cytoplasmic

condensates. LFY protein levels were mildly increased upon UFODF-box expression (Figures 5G–5I), which

confirms that the changes in LFY levels observed above were specific to UFO and involved UFO-mediated

degradation. Next, we set out to generate an LFY mutant that is less sensitive to UFO-mediated ubiquiti-

nation and degradation. We reasoned that we might achieve this by mutating possible target lysine resi-

dues in LFY. Accordingly, we substituted 5 lysine residues in the IDR of LFY with arginine, yielding LFY5KR.

Expression of LFY5KR-mCit inN. benthamiana revealed that the LFY5KR protein accumulated to higher levels

than LFY (Figure S3C). LFY5KR interacted with UFO as shown by BiFC (Figure 5J), which is consistent with the

LFY-UFO interaction site having been mapped to the C-terminus of LFY.19 LFY5KR levels were almost unal-

tered upon UFO coexpression (Figures 5K–5M), while LFY5KR ubiquitination was mildly decreased upon
6 iScience 26, 106880, June 16, 2023



Figure 5. UFOmediates LFY degradation and requires the UFO F box domain and lysine residues in the IDR of LFY

(A) Confocal microscopy images of lfy-12/LFY::LFY-GFP (left) and ufo-2/lfy-12/LFY::LFY-GFP (right) flowers. Scale bar =

60 mm.

(B) Quantification of fluorescence intensity from flowers as shown in (A). Each data point represents the average of

fluorescence intensities from 5 LFY-GFP-positive regions of interest in independent flower buds. Independent plants

were used for each data point (n = 26). Statistical significance was determined using a two-tailed Student’s t test.

(C) Total LFY protein levels inN. benthamiana leaves transiently expressing 35S::LFY-mCit or coexpressing 35S::LFY-mCit

and 35S::UFO-mCh. Ponceau red staining (PS) serves as loading control.

(D) Quantification of LFY-mCit protein levels in N. benthamiana leaves as shown in (C). Results are shown as mean +/�
standard error (n = 3).

(E) LFY and UFOmRNA accumulation inN. benthamiana leaves expressing 35S::LFY-mCit or coexpressing 35S::LFY-mCit

and 35S::UFO-mCh.

(F) Bimolecular functional complementation of LFY and UFODF-box in N. benthamiana leaves. The absence of

interactions between LFY and the UFO F-box domain serves as negative control. Scale bar = 10 mm. The overlays between

mCitrine fluorescence channels and the transmission view are shown at the bottom. Arrows indicate examples of

cytoplasmic foci.

(G) Total LFY-mCit protein levels in N. benthamiana leaves transiently expressing 35S::LFY-mCit or coexpressing

35S::LFY-mCit and 35S::DF-box-mCh. Ponceau red staining (PS) serves as loading control.

(H) Quantification of LFY-mCit protein levels in N. benthamiana leaves as shown in (G). Results are shown as mean +/�
standard error (n = 3).

(I) LFY and UFOmRNA accumulation in N. benthamiana leaves expressing 35S::LFY-mCit or coexpressing 35S::LFY-mCit

and 35S::DF-box-mCh.

(J) Bimolecular functional complementation of LFY5KR and UFO in N. benthamiana leaves (left). Interaction between

LFY5KR and LFY is also tested (right). Scale bar = 10 mm. The overlays between mCitrine fluorescence channels and the

transmission view are shown at the bottom. Arrows indicate examples of cytoplasmic foci.

(K) Total LFY5KR-mCit protein levels in N. benthamiana leaves transiently expressing 35S::LFY5KR-mCit or coexpressing

35S::LFY5KR-mCit and 35S::UFO-mCh. Ponceau red staining (PS) serves as loading control.
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Figure 5. Continued

(L) Quantification of LFY5KR-mCit protein levels in N. benthamiana leaves as shown in (K). Results are shown as mean +/�
standard error (n = 3).

(M) LFY5KR and UFO mRNA accumulation in N. benthamiana leaves expressing 35S::LFY5KR-mCit or coexpressing

35S::LFY5KR-mCit and 35S::UFO-mCh.
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UFO coexpression (Figure S3D). We conclude that LFY is continuously ubiquitinated and degraded, and

that the lysine residues in the LFY IDR we assessed here are involved in UFO-mediated degradation as their

mutation renders LFY insensitive to UFO coexpression.
Nuclear LFY levels are buffered against cell-to-cell variations and altered LFY degradation

We next asked how LFY condensates in the cytoplasm and LFY levels in the nucleus react to changes in total

cellular LFY levels. In particular, we wondered if the cytoplasmic LFY pool may serve as a buffer to control

the effective concentration of active LFY in the nucleus. First, to investigate if LFY undergoes nucleocyto-

plasmic shuttling, we carried out FRAP of the whole nucleus. We observed a 15% recovery after 5 min, indi-

cating that at least a fraction of LFY undergoes shuttling (Figure S4). However, the majority of the nuclear

and cytoplasmic LFY pools did not exchange on the timescales of seconds, on which LFY turns over in cyto-

plasmic condensates. Next, we set out to quantify the number of cytoplasmic LFY condensates along with

nuclear LFY levels. Due to the difficulties of meristem imaging, it seemed not to be feasible to robustly do

this in flower primordia. To circumvent this issue, we focused our analysis on N. benthamiana leaves. To

examine how nuclear and cytoplasmic LFY pools reacted to an inhibition of continuous protein degrada-

tion, we treatedN. benthamiana leaves transiently expressing LFY-mCit with theMG132 proteasome inhib-

itor and quantified the number of cytoplasmic condensates and the fluorescence intensity in the nucleus.

As opposed to mock-treated plants, we observed an increase in the number of cytoplasmic condensates

following short-term MG132 treatment (Figures 6A and 6B). This was however not associated with a signif-

icant increase in nuclear LFY levels (Figure 6C), suggesting that the latter was buffered. To assess the effect

of UFO-mediated degradation, we quantified the number of condensates in N. benthamiana leaves tran-

siently expressing LFY-mCit or LFY-mCit/UFO-mCh, which exhibit different LFY levels as shown in the west-

ern blots above (Figures 5C and 5D). Notably, UFO expression reduced the number of LFY-positive cyto-

plasmic condensates with almost no influence on the nuclear LFY pool (Figures 6D and 6E). Next, we

evaluated for both conditions the number of cytoplasmic LFY condensates across cells with different nu-

clear intensities (Figure S5). This analysis confirmed that both quantities were indeed independent from

each other, corroborating that nuclear LFY levels were buffered. We next assessed the influence of the

KR substitutions in the LFY IDR described above on LFY condensation. Confocal microscopy imaging of

LFY5KR showed increased condensate numbers for LFY5KR compared to wild-type LFY (Figure 6F). Never-

theless, nuclear fluorescence signals were comparable between LFY5KR and wild-type LFY (Figure 6G). Co-

expression of UFO decreased the number of LFY5KR condensates, while nuclear LFY levels remained un-

changed (Figures 6H and 6I). Taken together, these results indicate that nuclear LFY levels are buffered

against cell-to-cell variations, LFY accumulation upon proteasome inhibition, LFY depletion upon UFO co-

expression, and mutation of lysine residues in the IDR of LFY that represent bona fide targets for

ubiquitination.

Finally, we assessed the number of condensates and the nuclear LFY levels upon UFODF-box expression.

As UFODF-box interacts stronger with LFY than wild-type UFO19,33 but does not mark it for degradation, it

can be considered as a ‘‘substrate trap’’. Coexpression of UFODF-box increased both the number of cyto-

plasmic condensates and the nuclear LFY levels (Figures 6J and 6K), suggesting that trapping LFY in stable

complexes with UFODF-box changes the phase diagram and the resulting partitioning between cyto-

plasmic condensates and the nucleus.
LFY buffering via cytoplasmic condensates regulates nuclear LFY activity

We next asked which impact the dissolution of cytoplasmic LFY condensates would have on LFY function in

the nucleus. To this end, we treated plant roots with the aliphatic alcohol 1,6-hexanediol, which is known to

interfere with weak hydrophobic interactions and which has often been used to dissolve condensates

in vitro and in cells.41 In contrast to untreated plants, 1,6-hexanediol-treated plants showed a rapid

dispersal of LFY-YFP condensates (Figures 7A and 7B), suggesting that weak hydrophobic interactions

play a role in stabilizing them. Similar observations were made using transiently expressed LFY-mCit in
8 iScience 26, 106880, June 16, 2023



Figure 6. LFY condensate formation buffers nuclear LFY

(A) Transient expression of 35S::LFY-mCit in N. benthamiana leaves treated with mock or MG132. Scale bar = 10 mm.

(B) Number of condensates in cells of N. benthamiana leaves transiently expressing 35S::LFY-mCit. n = 20 of 2

independent experiments. Statistical significance was determined using a two-tailed Student’s t test.

(C) Quantification of fluorescence intensity in the nucleus ofN. benthamiana leaves transiently expressing 35S::LFY-mCit.

n = 20 of 2 independent experiments. Statistical significance was determined using a two-tailed Student’s t test.

(D) Number of condensates in cells from N. benthamiana leaves transiently expressing 35S::LFY-mCit or coexpressing

35S::LFY-mCit and 35S::UFO-mCh. n = 30 of 3 independent experiments. Statistical significance was determined using a

two-tailed Student’s t test.

(E) Quantification of fluorescence intensity in the nucleus of N. benthamiana leaves transiently expressing 35S::LFY-mCit

or coexpressing 35S::LFY-mCt and 35S::UFO-mCh. n = 30 of 3 independent experiments. Statistical significance was

determined using a two-tailed Student’s t test.

(F) Number of condensates in cells fromN. benthamiana leaves transiently expressing 35S::LFY5KR-mCit or 35S::LFY-mCit.

n = 30 of 3 independent experiments. Statistical significance was determined using a two-tailed Student’s t test.

(G) Quantification of fluorescence intensity in the nucleus of N. benthamiana leaves transiently expressing 35S::LFY5KR-

mCit or 35S::LFY-mCit. n = 30 of 3 independent experiments. Statistical significance was determined using a two-tailed

Student’s t test.

(H) Number of condensates in cells from N. benthamiana leaves transiently expressing 35S::LFY5KR-mCit or coexpressing

35S::LFY5KR-mCit and 35S::UFO-mCh. n = 30 of 3 independent experiments. Statistical significance was determined using

a two-tailed Student’s t test.

(I) Quantification of fluorescence intensity in the nucleus from N. benthamiana leaves transiently expressing 35S::LFY5KR-

mCit or coexpressing 35S::LFY5KR-mCit and 35S::UFO-mCh. n = 30 of 3 independent experiments. Statistical significance

was determined using a two-tailed Student’s t test.

ll
OPEN ACCESS

iScience 26, 106880, June 16, 2023 9

iScience
Article



Figure 6. Continued

(J) Number of condensates in cells from N. benthamiana leaves transiently expressing 35S::LFY-mCit or coexpressing

35S::LFY-mCit and 35S::DF-box-mCh. n = 30 of 3 independent experiments. Statistical significance was determined using

a two-tailed Student’s t test.

(K) Quantification of fluorescence intensity in the nucleus of N. benthamiana leaves transiently expressing 35S::LFY-mCit

or coexpressing 35S::LFY-mCit and 35S::DF-box-mCh. n = 30 of 3 independent experiments. Statistical significance was

determined using a two-tailed Student’s t test.
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N. benthamiana leaves (Figure S6A). Dispersal of LFY-YFP condensates upon 1,6-hexanediol treatment was

associated with a strong increase in nuclear LFY levels in both LFY-YFP roots and in N. benthamiana leaves

(Figures 7C, and S6B). This suggests that cytoplasmic LFY condensates sequester LFY and thereby buffer

nuclear LFY levels, while the loss of these condensates triggers a misregulation of the nuclear LFY pool. To

evaluate the functional relevance of LFY buffering, wemonitored the expression of the AP3 LFY target gene

in LFY-YFP-expressing flowers in the absence or presence of 1,6-hexanediol. Flowers treated with 1,6-hex-

anediol showed an upregulation ofAP3 gene expression (Figure 7D), which followed the increase in nuclear

LFY. These observations point to a model in which LFY-YFP cytoplasmic condensates regulate the nuclear

pool of transcriptionally active LFY to allow faithful transcription of LFY target genes.

DISCUSSION

LFY has long been known to interact with the F box protein UFO to induce the localized expression of the

AP3 B-class floral homeotic gene. Considering that UFO engages into an SCF E3 ubiquitin ligase complex

and has the ability to ubiquitinate LFY,19,21,24,25,40,42 UFOwas proposed to stimulate LFY-induced transcrip-

tion through degradation of LFY. In this model, a rapid turnover of active LFY would allow the removal of

‘‘exhausted’’ LFY and replacement by ‘‘fresh’’ LFY to stimulate target gene expression,19 as proposed for

other transcription factors in yeast and mammals.43 Recent evidence however suggests that the F box

domain of UFO is dispensable for UFO-dependent LFY transcriptional activity.20 UFO indeed belongs to

a transcriptional complex that promotes LFY recruitment to novel cis-regulatory elements within the AP3

promoter independently of UFO’s ability to mediate protein degradation. Our work now establishes an

extranuclear role for UFO in LFY regulation. We demonstrate that UFO promotes LFY degradation and reg-

ulates its localization in cytoplasmic biomolecular condensates to buffer the nuclear LFY pool.

Flower meristem patterning requires the localized induction of the ABCE floral homeotic genes, which

determine specific floral organ identities. LFY activates the floral homeotic genes in specific territories

and thus largely controls organ specification.1,44 A precise control in time and space is therefore necessary

for LFY gene expression. LFY is weakly expressed in leaves, and shows highest expression in floral meri-

stems throughout the early primordium with earliest accumulation before cell groups have begun to sepa-

rate from the inflorescence meristem.6 At later stages of floral development, LFY expression drops in the

center of the flower while persisting in emerging petals, stamens, and pistil until stage 9 where its expres-

sion stops. The analysis of a large allelic series of lfymutants highlighted the necessity for precise control of

LFY activity in the transition from inflorescence to floral meristem and for proper floral patterning.6 This is

further supported by the fact that strong LFY expression is sufficient to transform shoot meristems into

flower meristems,3 thus acting as a developmental switch. Our observations indicate that LFY protein is

found not only in the nucleus but also in cytoplasmic biomolecular condensates and that extranuclear

LFY is subjected to UFO-mediated degradation. Although we could detect cytoplasmic foci in the endog-

enous expression territories of LFY, addressing whether LFY-mediated degradation occurs at specific

stages or territories during flower development was not possible due to the complexity of high-resolution

meristem imaging. Considering the importance of keeping LFY levels in check, we believe the mechanisms

uncovered here likely contribute to LFY homeostasis by maintaining nuclear LFY levels that are tailored to

faithfully regulate target genes.

Many transcriptional regulators are thought to form condensates, although this has been mostly described

in the context of their recruitment/enrichment at specific genomic loci.45–51 Our findings resemble what has

recently been reported for the ARF7 and ARF19 auxin signaling-related transcription factors that are kept

away from the nucleus by sequestration into cytoplasmic condensates.30 However, extranuclear LFY ap-

pears not to be only sequestered but might also be subjected to degradation by the LFY-interacting

UFO E3 ubiquitin ligase. Although it is clear that both processes regulate LFY homeostasis, the exact rela-

tionship between both of them remains unclear. Our data are consistent with a model in which LFY is

degraded primarily outside of the nucleus, as proteasome inhibition and coexpression of the UFODF-box
10 iScience 26, 106880, June 16, 2023



Figure 7. LFY condensation buffers LFY activity in the nucleus

(A) Confocal microscopy images of 5-day-old 35S::LFY-YFP roots before and after treatment with 1,6-hexanediol. Scale

bar = 10 mm.

(B) Number of condensates in root cells from 5-day-old 35S::LFY-YFP roots before and after treatment with 1,6-hexanediol

as shown in (A). n = 14 of 3 independent experiments. Statistical significance was determined using a two-tailed Student’s

t test.

(C) Quantification of fluorescence intensity in the nucleus of 5-day-old 35S::LFY-YFP roots before and after treatment with

1,6-hexanediol as shown in (A). n = 16 of 3 independent experiments. Statistical significance was determined using a two-

tailed Student’s t test.

(D) Accumulation of AP3 transcripts in flowers from 35S::LFY-YFP treated with 1,6-hexanediol. ACT2 was used as loading

control.
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‘‘substrate trap’’ variant have a much stronger effect on the extranuclear LFY pool. LFY condensates may

represent the sites of LFY degradation as i) UFO co-localizes with LFY in such structures ii) UFO is an active

LFY E3 ligase, iii) MG132 treatment increases the number of condensates, and iv) the degradation-inactive

UFO DF-box variant yields increased numbers of cytoplasmic condensates. Nevertheless, as LFY can ex-

change between the different subcellular pools, we cannot exclude alternative models in which LFY un-

dergoes degradation elsewhere. Pinpointing the precise localization of the proteasome in plant cells

may help to distinguish between these scenarios. The mechanisms by which LFY may be protected from

UFO-mediated degradation at specific subcellular locations might involve distinct sets of UFO-interacting

proteins.

Our results with the LFY5KR mutant suggest that the LFY ubiquitination status can modulate LFY conden-

sation. In particular, LFY5KR is similarly abundant as wild-type LFY but forms more condensates. Thus,

the respective lysines may represent non-degradative ubiquitination sites negatively impacting conden-

sate formation. This is reminiscent of the inhibition of UBQLN2 phase separation by ubiquitination.52 Inter-

estingly, different ubiquitin linkage types show opposite effects on the ability of UBQLN2 to phase-sepa-

rate.53 It is therefore possible that differential LFY ubiquitination by various E3 ligases controls its ability to

form condensates and to be degraded. The mechanisms by which LFY5KR interferes with condensate for-

mation and/or degradation remain unsolved for now and will be the subject of further studies.

The nuclear pool of LFY appears to be strongly buffered since interfering with the total LFY pool by UFO

overexpression, MG132 treatment, or through the introduction of LFY5KR mutations had only a minor

impact on nuclear LFY levels. This suggests that the extranuclear LFY pool serves to control nuclear LFY
iScience 26, 106880, June 16, 2023 11



ll
OPEN ACCESS

iScience
Article
levels via LFY sequestration in condensates and LFY degradation. The levels of LFY in the nucleus only built

up strongly upon treatment with 1,6-hexanediol, which dissolves cytoplasmic LFY condensates and there-

fore impairs buffering, leading to enhanced LFY target gene expression. The rapid hexanediol-mediated

relocalization of LFY to the nucleus might also be promoted by the global effects of aliphatic alcohols on

the permeability barrier of nuclear pores.54 Nevertheless, the nucleocytoplasmic shuttling of LFY we

observed in untreated cells indicates that a similar (but possibly slower) LFY relocalization would be ex-

pected to occur upon condensate dissolution in cells with intact nuclear pores.

In summary, our work reveals that LFY undergoes nucleocytoplasmic partitioning to regulate LFY homeo-

stasis via the formation of cytoplasmic biomolecular condensates and UFO-mediated degradation. This

partitioning spatially separates the recently described UFO-mediated regulation of LFY transcriptional ac-

tivity20 and the UFO-dependent control of cellular LFY levels, allowing cells to faithfully manage both ac-

tivities without unwanted crosstalk.
Limitations of the study

Although we made sure that a functional LFY-GFP fusion forms cytoplasmic condensates when expressed

in its endogenous cell territories in the lfy mutant background, the in-depth analysis of the mechanisms

controlling LFY condensation and degradation were performed using constitutively expressed LFY in other

cell types or in N. benthamiana. We have shown that constitutive expression of LFY in these cells does not

go along with overexpression beyond the levels of the functional LFY-GFP fusion in flowers, but we cannot

formally rule out that LFY degradation/condensation may be differently regulated in flowers.

All experiments performed in vivo used a transgene to express a functional fusion of LFY to a fluorescent

protein. The presence of the tag may change the properties of LFY, thus impacting on LFY condensation

and degradation. Besides, the contribution of UFO to LFY degradation, condensation, and activity was

determined using a combination of pharmacological approaches and functional validation in

N. benthamiana. Future work using stable transgenic lines would be helpful to assess the buffering hypoth-

esis proposed in the present study.

Finally, our work did not directly address the functional relevance of LFY condensation during flower devel-

opment. Identifying developmental stages or physiological conditions in which LFY degradation and par-

titioning in cytoplasmic foci are modulated will be one of the future challenges.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-GFP horseradish peroxidase-

coupled

Miltenyi Biotech Cat# 130-091-833; RRID: AB_247003

anti-ubiquitin P4D1 Cell Signaling Cat# 3936; RRID: AB_331292

horseradish peroxidase-coupled anti-His Sigma Cat#A7058; RRID: AB_258326

anti-FLAG Sigma Cat#F3165; RRID: AB_259529

Bacterial and virus strains

E.coli DH5a N/A N/A

Agrobacterium tumefaciens AGL1 N/A N/A

Chemicals, peptides, and recombinant proteins

LFY-His Chahtane et al., 201833 N/A

Ubiquitin Ubiquigent Cat#69-1300

Human E1 ligase UBE1 R&D Systems Europe Cat#E-305

Human E2 ligase UBE2D2 Ubiquigent Cat#62-0012-020

Human Cul1/Rbx1/Skp1 Ubiquigent Cat#63-1001-025

TnT SP6 High-Yield Wheat Germ Protein

Expression System

Promega Cat#L3260

Anti-FLAG M2 affinity gel Sigma Cat#F1804

3x FLAG peptide GenScript Cat#RP10586

GFP-Trap Magnetic beads ChromoTek Cat#gtma

ATTO 647N NHS ester ATTO-TEC Cat#AD 647N-31

1,6-hexanediol Sigma Cat#240117

FM4-64 Invitrogen Cat#T13320

RNeasy Plant Mini Kit Qiagen Cat# 74904

M-MLV reverse transcriptase Promega Cat# M1701

MboI NEB Cat# R0147S

PEG 20,000 Fluka Cat#81300

Zeba MicroSpin desalting column 7K MWCO Thermofisher Cat#89877

MG132 (Z-Leu-Leu-Leu-al) Sigma Cat# C2211

Cycloheximide Sigma Cat# 01810

Brefeldin A Sigma Cat# B5936

N-ethylmaleimide Sigma Cat# E3876

Protease inhibitor cocktail Sigma Cat# P9599

Experimental models: Organisms/strains

A. thaliana Col-0 Columbia

ufo-1 Wilkinson and Haughn, 199555 N/A

lfy-12 Weigel et al., 19926 N/A

35S::LFY-YFP Chahtane et al., 201833 N/A

UBI10::mCherry-ATG8E Stephanie et al., 202056 N/A

lfy-12/LFY::LFY-GFP Wu et al., 200332 N/A

Oligonucleotides

See Table S1 Eurofins N/A
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Recombinant DNA

pTNT-UFO-FLAG This paper N/A

pDONR221-LFY This paper N/A

pDONR221-LFY5KR This paper N/A

pDONR-p221-UFO This paper N/A

pDONR-p221-UFODF-box This paper N/A

pTNT-UFO:FLAG This paper N/A

pBasta 35S::LFY:mCt-Cterm This paper N/A

pBasta 35S::LFY:mCt-Nterm This paper N/A

pBasta 35S::LFY5KR:mCt-Cterm This paper N/A

pBasta 35S::UFO:mCt-Cterm This paper N/A

pBasta 35S::URI:mCt-Cterm This paper N/A

pBasta 35S::UFO-deltaFbox:mCt-Nterm This paper N/A

pBasta 35S::UFO-Fbox:mCt-Cterm This paper N/A

pKana 35S::LFY:mCt This paper N/A

pKana 35S::LFY5KR:mCt This paper N/A

pHygro 35S::UFO:mCherry This paper N/A

pHygro 35S::UFO-deltaFbox:mCherry This paper N/A

Software and algorithms

PONDR Open source http://www.pondr.com

PLAAC Open source http://plaac.wi.mit.edu

GraphPad Prism Open source https://www.graphpad.com

R studio Open source https://posit.co

ImageJ Open source https://imagej.nih.gov/ij/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Grégory Vert (Gregory.Vert@univ-tlse3.fr).
Material availability

Materials generated in this study are available upon request. For further details contact the lead contact.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

TheArabidopsis thaliana ecotype Col-0 was used in this study. Themutants and transgenic lines used in this

study have been previously described : lfy-12,6 ufo-1,55 35S::LFY-YFP,33 UBI10::mCherry-ATG8E,56 lfy-12/

LFY::LFY-GFP.32 Seeds were surface-sterilized, sown on half-strength Linsmaier & Skoog medium without

sucrose containing 1% agar and stratified at 4�C for 2 days before transfer to light. Plant lines were grown

under sterile conditions on vertical plates at 21�C with a 16h light/8h dark cycle. For co-localization studies,

35S::LFY-YFP was crossed with the UBI10::mCherry-ATG8E autophagy reporter line and the F1 generation
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was imaged. All cultivation and growth conditions relevant for Nicotiana benthamiana are included within

the ‘method details’ section.
METHOD DETAILS

Vector construction

To generate the different transgenic lines used in this study, the coding sequences corresponding to LFY,

UFO and UFODF-box (nucleotide 274-1349) were amplified from cDNA and cloned into pDONR221 by

Gateway cloning. The LFY5KR construct was generated by site-directed mutagenesis using pDONR221-

LFY as template. The UFO expression vectors were constructed using the pH7m34GW destination vector

with the pDONR-P4P1r-35S, the pDONR-p221-UFO or pDONR-p221-UFODF-box, and the pDONR-

P2rP3-mCh.

The BiFC expression vectors were constructed by multisite Gateway recombination using the pK7m34GW

destination vector with the pDONR-P4P1r-35S, the pDONR-p221-LFY, pDONR-p221-LFY5KR, pDONR-

p221-UFO, pDONR-p221-DF-box, pDONR-p221-F-box or pDONR-p221-URI for genes of interest, and

pDONR-P2rP3-mCitN (amino acid 1-154) or pDONR-P2rP3-mCitC (amino acid 155-238) for the fluorescence

reporter.

To produce UFO protein by in vitro transcription/translation, the coding sequence of UFO was cloned into

the pTNT-FLAG vector.57 All primers used for plasmid construction are listed in Table S1.
Transient expression in N. benthamiana

For transient expression in N. benthamiana, plasmids were transformed into Agrobacterium strain AGL1

and infiltrated into wild-type leaves at OD600 of 0.5 using infiltration buffer (10mM MES, 10mM MgCl2,

pH 5.6). For co-expression analysis, the Agrobacteria containing the different plasmids were used in a

1:1 ratio. Leaf discs were observed 2 days after infiltration.
Gene expression analyses and genotyping

Total RNA was extracted fromN. benthamiana or A. thaliana using RNeasy Plant Mini Kit (QIAGEN). Detec-

tion of LFY, UFO, and AP3was performed using RT-PCR on total RNA. 1mg of RNA was subjected to reverse

transcription using M-MLV reverse transcriptase from Promega. PCR were performed using primers for the

respective transcript detection. EF-1a for N. benthamiana or Actin2 for A. thaliana were used as a control.

The ufo-1mutant was genotyped by PCR amplification followed by restriction digestion with MboI. Primers

used are listed in Table S1.
Confocal microscopy imaging

Samples were mounted in water and imaged with a 63x objective on a Leica TCS SP8 confocal laser scan-

ning microscope. For imaging mCit/YFP, GFP and mCh, the 514-nm, 488-nm and 561-nm laser lines were

used, respectively. Detection settings were kept constant in individual sets of experiments to allow for

direct comparison of expression and localization of reporter proteins, unless stated otherwise. Images

were taken from 5-days old A. thaliana roots, hypocotyls or cotyledons, or from N. benthamiana leaf discs

2 days post-infiltration. Flowers of A. thaliana were imaged as previously described.58

To compare fluorescence levels of LFY::LFY-GFP in flowers, 35S::LFY-YFP in roots and 35S::LFY-mCit ex-

pressed inN. benthamiana leaf cells, images were taken using the same microscope, objective, magnifica-

tion, excitation (488 nm laser line, same intensity) and detection settings (500-550 nm window). Nuclear in-

tensities were quantified using ImageJ and corrected for the molecular brightness of the respective

fluorescent proteins under the respective excitation/detection conditions according to

FBN = I=BM; and BM = ε488 nm$F500� 550 nm=1000

Here, FBN is the normalized fluorescence, I is the fluorescence intensity, BM is the corrected molecular

brightness, ε488 nm is the extinction coefficient at 488 nm (in M-1 cm-1) and F500� 550 nm is the quantum yield

of the fluorophore integrated over the spectral window of detection. The following molecular brightness

values were obtained for the different fluorescent proteins based on the data in FPbase (https://www.

fpbase.org): BM
EGFP = 24.0, BM

YFP = 11.0, and BM
mCit = 15.7.
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For colocalization studies with FM4-64, plants were treated with 4 mMFM4-64 for 10 min and imaged 20min

after staining. For imaging FM4-64, the 488-nm laser line was used. Colocalization studies were performed

using the Coloc2 plugin of ImageJ and R. Fluorescence intensity profiles were also obtained using ImageJ

or R. Quantification of mobile versus immobile condensates were performed using R.

For Brefeldin A treatment, plants were pre-incubated with 100 mMcycloheximide for 30 min, exposed for an

additional 30 min to 50 mM Brefeldin A and 100 mM cycloheximide, and stained with FM4-64 prior to imag-

ing. For MG132 treatment in A. thaliana, plants were exposed to 50 mMMG132 or DMSO (mock) for 3h prior

to confocal imaging. For 1,6-hexanediol treatment in A. thaliana, plants were incubated in 10% or 20% 1,6-

hexanediol for 1 min prior to confocal imaging. For MG132 treatment, N. benthamiana leaves were infil-

trated with 50 mMMG132 or DMSO (mock), 1 day after the initial infiltration. For 1,6-hexanediol treatment,

N. benthamiana leaves were infiltrated with 20% 1,6-hexanediol and imaged immediately.
Fluorescence recovery after photobleaching (FRAP) measurements

FRAP experiments were performed on condensates from 35S::LFY-YFP root tips (full-FRAP) and

N. benthamiana leaf discs transiently expressing 35S::LFY-mCit (half-FRAP) using a Zeiss LSM 710 confocal

light scanning microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 63x/NA 1.2 oil immersion

objective. Typically, images were acquired at 128x512 pixels at a scan speed corresponding to 200 ms per

image, and 300 images were acquired over 2.5 min, with an interval of 300 ms between subsequent images

(or 800ms for full-nucleus FRAP and in vitro experiments). Before photobleaching, 3 images were recorded.
Full-FRAP analysis

For full-FRAP analysis, 9 independent experiments were conducted and averaged to obtain a single curve.

For each experiment, a custom R script was used to segment the image, track the condensates and retrieve

the average intensity of the photobleached condensate (IB), an unbleached condensate (IREF) and the back-

ground of the image (IBG). The unbleached condensate was used as internal reference to quantify un-

wanted acquisition photobleaching, and the FRAP curves were calculated according to:

FRAPðtÞ =
IB � IBG
IREF � IBG

Then, the FRAP curves were normalized according to the number of bleached molecules:

FRAP 0ðtÞ =
FRAPðtÞ � FRAPðtbleachÞ

FRAP
�
tpre

� � FRAPðtbleachÞ
Here, tbleach and tpre are the acquisition times of the first post-bleach and the last pre-bleach frame, respec-

tively. Accordingly, the normalized FRAP curves are equal to unity before bleaching and zero in the first

post-bleach frame. If applicable, FRAP curves were fitted with a previously described diffusion model.59
Half-FRAP analysis

For half-FRAP, 8 experiments were analyzed and averaged. For each experiment, a custom R script was

used to segment the image, track the bleached condensate and retrieve the average intensity of the

bleached half (IB), the non-bleached half (INB), the background of the image (IBG) and an unbleached

condensate (IREF), at each frame. These intensity values were used to calculate FRAP curves for the

bleached half (FRAPB(t)) and the non-bleached half (FRAPNB(t)), according to:

FRAPB=NBðtÞ =
IB=NB � IBG
IREF � IBG

If unwanted photobleaching is detected in the non-bleached half in the first post-bleach frame, this contri-

bution should be removed from the analysis. The respective molecules might have been bleached because

the microscope’s focus overlapped with the non-bleached half, or because the molecules moved from the

bleached to the non-bleached half during the bleaching period. The curve that is corrected for this type of

unwanted photobleaching reads:

FRAPI
B=NBðtÞ = FRAPB=NBðtÞ+

�
FRAPNB

�
tpre

� � FRAPNBðtbleachÞ
�

Here, tpre and tbleach are the acquisition times of the last pre-bleach and the first post-bleach frame of the

experiment, respectively.
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Next, FRAPB and FRAPNB were multiplied by the size of their respective ROIs (NB and NNB, respectively) to

obtain curves that are proportional to the number of particles in each half:

FRAPII
B=NBðtÞ = FRAPI

B=NBðtÞ
NB=NB

NB+NNB

Then, the curves were normalized with respect to the number of bleached molecules:

FRAPIII
B=NBðtÞ =

FRAPII
B=NBðtÞ � FRAPII

B=NBðtbleachÞ
FRAPII

B

�
tpre

� � FRAPII
BðtbleachÞ

The resulting FRAP curves are proportional to the ROI sizes and double-normalized. Subsequently, an ad-

ditive offset was applied to the signal in the non-bleached half to normalize to unity before the bleach:

FRAPIV
NBðtÞ = 1+ FRAPIII

NBðtÞ
The resulting curves reflect the change of the number of labeled molecules in each half. In the presence of

an ‘‘immobile’’ fraction of molecules that do not move during the course of the experiment, the signal in

both halves will not recover to the same level but there will be an offset between them that corresponds

to the immobile fraction Ximmobile. To remove these ‘‘immobile’’ molecules, which do neither exchange be-

tween the two halves nor cross the boundary of the condensate, the FRAP curves were corrected accord-

ing to:

FRAPV
NBðtÞ =

FRAPIV
NBðtÞ � 1

1 � Ximmobile
+ 1
FRAPIV
B ðtÞ =

FRAPIII
B ðtÞ

1 � Ximmobile

The immobile fraction Ximmobile corresponds to the difference between the curves in the bleached and non-

bleached half after both of them have reached their plateau.

Finally, the decrease of fluorescence in the non-bleached half was used to calculate the apparent energy

barrier per molecule, as described previously.37 In the case of LFY condensates in vivo, this barrier

amounted to 0.02 kT per molecule, which corresponds to an apparent surface tension of 0.36 mN/m accord-

ing to the formula below:

gapp =
ε
app$4:1$10� 21 J
�
4$p$Rh

2
��

2

Here, gapp and ε
app are the apparent surface tension and the apparent energy barrier per molecule (in units

of the thermal energy kT), respectively, and Rh is the hydrodynamic radius of LFY-YFP, which we estimated

as 6.2 nm based on the LFY and YFP AlphaFold structures.
Condensate fusion and shape analysis

The fusion analysis was performed on condensates from root tips of 35S::LFY-YFP in the wild-type back-

ground on a Leica TCS SP8 confocal laser scanning microscope. Images at 512x512 or 1024x1024 pixels

were acquired each 2 seconds over 2.5 minutes to generate videos of the dynamics of condensates. In total,

13 independent experiments were analyzed using a custom R script and the EBImage package.60 For each

video, the nucleus and the condensates were segmented in the first frame, based on size and intensity. The

eccentricity (E) of condensates was calculated as:

E =
Rmax � Rmin

Rmax+Rmin

where Rmax and Rmin are the longest and shortest radius, respectively. Then, the position of each

segmented condensate was tracked and recorded during the video. The positions of the nuclei were

also recorded to correct the changes in the position of condensates due to the movement of the root, re-

sulting in trajectories for each condensate (Figure S7A). Each trajectory was used to calculate a Mean

Square Displacement (MSD) as follows:

MSDðx; y;DtÞ = ðxðt+DtÞ � xðtÞÞ2 + ðyðt+DtÞ � yðtÞÞ2
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Finally, each MSD curve was fitted to a linear equation and the diffusion coefficient was obtained from the

slope of the fit curve (Figure S7B).
Bimolecular fluorescence complementation

For BiFC, the LFY-mCitN, UFO-mCitC and variants were transiently expressed in N. benthamiana and leaf

discs imaged 2 days post-infiltration. LFY oligomerization was used as positive control, and the bHLH tran-

scription factor URI as negative control.61
In vitro droplet assay

In order to prepare Atto-647N-labeled LFY for in vitro microscopy experiments, LFY at a concentration of

1 mM was labeled with ATTO 647N NHS ester (AD 647N-31, ATTO-TEC) according to the manufacturer’s

instructions. Free ATTO 647N dye was removed using a Zeba MicroSpin desalting column 7K MWCO

(89877, Thermofisher). LFY-ATTO 647N was spiked into unlabeled LFY at a 1:100 ratio, and phase separa-

tion was induced by mixing with 2% PEG 20,000 (813000, Fluka) at a salt concentration of 100 mM NaCl.

After 15 minutes of incubation at 4�C, the samples were pipetted on a microscopy slide, which was pre-

coated with PEG 8000. All experiments were carried out at room temperature within 20 min after pipetting.
In vitro ubiquitination assay

UFO-FLAG was expressed using TnT SP6 High-Yield Wheat Germ Protein Expression System (Promega)

according to the manufacturer’s instructions. UFO-FLAG was purified using Anti-FLAG M2 affinity gel

(Sigma) and eluted with 3x FLAG peptide (GenScript). Untagged ubiquitin (Ubi), the human E2 ligase

UBE2D2 and the human Cul1/Rbx1/Skp1 fusion protein were all purchased from Ubiquigent (UK). The hu-

man E1 ligase UBE1 was purchased from R&D Systems Europe. The in-vitro ubiquitination assay was per-

formed as followed: 290 nM His-LFY, 1mM Ubi, 50nM UBE1, 100nM UBE2D2, 50nM Cul1/Rbx1/Skp1 and

UFO-FLAG were incubated at 30�C overnight in reaction buffer (5mM ATP, 50mM Tris-HCl pH 7.5,

200mM NaCl, 10mM MgCl2, 1 unit inorganic pyrophosphate and 1mM DTT). Reactions were stopped by

adding Laemmli buffer and incubation for 5 min at 95 �C. Protein analysis was done by western blot using

horseradish peroxidase-coupled anti-His (Sigma, 1/5,000), ubiquitin P4D1 (Cell Signaling, 1/2,000), anti-

FLAG (Sigma, 1/2,000).
Protein extraction, immunoprecipitation and detection

Total proteins were extracted from N. benthamiana leaves 2 days after infiltration. Immunoprecipitation

experiments were performed using N. benthamiana leaves 2-days after infiltration. Tissues were ground

in liquid nitrogen and resuspended in ice-cold RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Ige-

pal, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitors and 20mM

N-ethylmaleimide to inhibit deubiquitinases during protein preparation. Samples were solubilized at

4�C for 30 minutes followed by centrifugation for 15 min at 14,000 x g at 4�C to eliminate cell debris. Su-

pernatants were subjected to immunoprecipitation with the GFP-Trap Magnetic beads (ChromoTek). Im-

munoprecipitates were eluted off beads using Laemmli buffer. Samples were boiled for 5 minutes at 95�C
and migrated on a 10% Bis-Tris NuPage Gel (Life Technologies).

Total proteins or immunoprecipitates were separated on a 10% Bis-Tris NuPage gel (Life Technologies) and

transferred onto a nitrocellulosemembrane. Proteins were detected using the following antibodies: Mono-

clonal anti-GFP horseradish peroxidase-coupled (Miltenyi Biotech 130-091-833, 1/5,000), anti-ubiquitin

P4D1 (Cell Signaling, 1/2,000). Experiments were done in triplicates. Rubisco was used as loading control.
QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification and statistical analysis details and associated citations can be found in themethod details

in the ‘Confocal microscopy imaging’, ‘Full-FRAP analysis’, ‘Half-FRAP analysis’ and ‘Condensate fusion

and shape analysis’ sections. All experiments, if not stated differently in the figure legend were done in trip-

licates, n represents the number of cells. Statistical significance of the biological parameters was assessed

using t-test and p-value = 5$10-9. Statistical analyses were performed with the software GraphPad Prism.

The statistical parameters are reported in the figure legends.
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The Predictor of Natural Disordered Regions (PONDR, http://www.pondr.com) algorithm was used for the

prediction of the intrinsically disordered regions (IDRs) and the Prion-Like Amino Acid Composition algo-

rithm (PLAAC, http://plaac.wi.mit.edu) for the prion-like domains (PLDs) in LFY protein.
Accession numbers

Sequence data from this article can be found in the GenBank/EMBL libraries under the following accession

numbers: LFY (At1g78870), UFO (At1g16890), URI (AT3G19860), Actin2 (At5g59910), AP3 (AT3G54340).
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