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ABSTRACT 

Many transcription factors (TFs) localize in nuclear 
cluster s of locall y increased concentrations, but ho w 

TF clustering is regulated and how it influences gene 

expression is not well understood. Here, we use 

quantitative microscopy in living cells to study the 

regulation and function of clustering of the budding 

yeast TF Gal4 in its endogenous context. Our re- 
sults show that Gal4 forms clusters that overlap with 

the GAL loci. Cluster number, density and size are 

regulated in different growth conditions by the Gal4- 
inhibitor Gal80 and Gal4 concentration. Gal4 trunca- 
tion mutants reveal that Gal4 clustering is facilitated 

b y, b ut does not completely depend on DNA bind- 
ing and intrinsically disordered regions. Moreover, 
we discover that clustering acts as a double-edged 

sw or d: self-interactions aid TF recruitment to tar- 
g et g enes, but recruited Gal4 molecules that are not 
DNA-bound do not contribute to, and may even in- 
hibit, transcription activ ation. We pr opose that cells 

need to balance the different effects of TF c luster - 
ing on target search and transcription activation to 

facilitate proper gene expression. 

INTRODUCTION 

Gene-specific transcription factors (TFs) are essential for 
correct control of gene expression. Eukaryotic TFs contain 

a DNA-binding domain (DBD) which binds to specific se- 
quences in regulatory promoter and enhancer regions, and 

a transactivation domain (AD) that interacts with cofac- 
tors, chromatin remodelers and other transcriptional regu- 
lators to facilitate transcription ( 1 ). Already > 25 years ago, 
it was observed that the glucocorticoid receptor TF was not 
homo geneousl y distributed through the nucleus, but forms 
areas of high local concentration ( 2 ), r eferr ed to as clus- 
ters , hubs , condensates or droplets. These clusters have since 
been observed for many other TFs, cofactors and RNA 

polymerase II ( 3–11 ). Despite the widespread observation 

of clustering, the regulation and function of TF clustering 

is not well understood. 
It has been suggested that cluster formation is dri v en by 

multivalent interactions between intrinsically disordered re- 
gions (IDRs) ( 4 , 12 , 13 ). IDRs are enriched in the transacti- 
vation domains of many TFs and enable self-interactions 
(homotypic interactions) and multivalent interactions with 

IDRs of other components of the transcriptional machin- 
ery (heterotypic interactions) ( 4 , 11 , 12 , 14–16 ). Support for 
the role of IDRs in TF cluster formation comes from the 
finding that interactions between the IDRs of TFs and Me- 
diator are important for TF cluster formation in vitro ( 4 , 17 ). 
Howe v er, clustering in vivo can also occur independently 

of IDRs, such as for Sox2 and the glucocorticoid receptor 
( 18 , 19 ). For Sox2, clustering is mostly dependent on DNA 

binding ( 18 ), suggesting that these clusters reflect binding to 

adjacent motifs in the genome rather than pr otein-pr otein 

interactions. How endogenous TF clusters ar e r egulated by 

IDRs, the configuration of binding sites and interactions 
with DNA or other regulators is only starting to emerge 
( 11 , 17 , 20 ). 

Moreover, an important open question is how clustering 

influences TFs during the different steps of transcription ac- 
tivation ( 13 , 21–23 ). Clustering and IDR-mediated interac- 
tions have been reported to enhance target search (increas- 
ing the DNA binding rate) ( 24–28 ), to increase the local 
concentration of TFs at the promoter (increasing the DNA 

binding rate), to stabilize TF binding to DNA (decreasing 

the rate of DNA unbinding) ( 12 ), to enable 3D genomic 
interactions between target genes ( 29 ) and to boost tran- 
scription activation through enhanced recruitment of co- 
factors and polymerase molecules ( 30 , 20 , 16 , 31 , 32 ). In con- 
trast, in some cases TF clustering can inhibit gene expres- 
sion, as shown for synthetic TFs and the oncogenic TF 

EWS::FLI1 ( 33 , 34 ). These discrepancies illustrate our lack 

of understanding of how clustering impacts transcription. 
Although novel inducible artificial clustering tools provide 
precise control of clustering, it remains unclear how these 
results can be extrapolated to endogenous gene regulation. 
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Here, we used the transcription factor Gal4 from budding 

yeast to study the regulation and function of TF cluster- 
ing in an endogenous context. The expression and activity 

of this TF are regulated by different carbon sources ( 35 ). 
In the presence of glucose, GAL4 and its target genes are 
transcriptionally r epr essed by Mig1 in a concentration de- 
pendent manner ( 36 ). In addition, if Gal4 is expressed but 
galactose is absent, for example when raffinose is the sole 
carbon source, the activity of the Gal4 protein is inhibited 

by binding to its inhibitor Gal80 ( 37 ). In the presence of 
galactose, Gal80-mediated inhibition is relie v ed and Gal4 

acti vates the e xpression of the GAL genes to metabolize 
galactose. The naturally low protein le v els of Gal4 and the 
small number of Gal4 target genes make Gal4 an excellent 
model to study the effects of TF clustering on transcription 

at a single locus in an endogenous context. 
Using quantitati v e li v e-cell imaging of Gal4-EGFP, we 

find that Gal4 forms clusters in vivo that colocalize with tar- 
get genes. Gal4 cluster abundance, size and density change 
across different growth conditions, are dependent on the 
Gal4 expression levels and are limited by interactions with 

the inhibitor Gal80. Removal of endogenous Gal4 binding 

sites and analysis of truncation mutants showed that both 

DNA binding and IDRs contrib ute to, b ut are not essen- 
tial for Gal4 clustering. In addition, regions outside of the 
Gal4 DNA binding domain are sufficient to recruit addi- 
tional Gal4 molecules to clusters at target genes, indicat- 
ing that self-interactions between Gal4 molecules facilitate 
tar get search. Ho we v er, non-DNA-bound Gal4 molecules 
present in a cluster at a target locus do not necessarily con- 
tribute to transcription and might e v en inhibit transcrip- 
tion. Taken together, we propose that clustering positi v ely 

affects target search and negati v ely affects transcription ac- 
tivation, and these aspects ther efor e need to be properly bal- 
anced to facilitate gene expression. 

MATERIALS AND METHODS 

Yeast strains and plasmids 

All strains were deri v ed from BY4741 and BY4742 parent 
strains. The BY4742 GAL4-EGFP strain (YTL390) was cre- 
a ted by transforma tion using a PCR product with EGFP 

and lo xP-kanMX-lo xP followed b y kanMX remov al b y 

CRE recombinase. The BY4742 gal4 Δ strain (YTL559) was 
created by transformation using a PCR produced contain- 
ing a kanMX cassette. 

Trunca tions and muta tions of GAL4 wer e cr eated using a 

CRISPR-Cas9-based approach ( 38 ): BPSV40-GAL4( Δ1– 

94) (Gal4 � DBD; YTL1284 and YTL1662), GAL4( Δ840– 

881) (Gal4 � miniAD; YTL1221), GAL4( Δ768–881) 

(Gal4 � AD; YTL1286), GAL4( Δ95–881) (Gal4-DBD- 
only; YTL1226, YTL1639 and YTL1686), GAL4::BPSV40 

(YTL1702) and GAL4(S41D) (YTL945). Strains were 
transformed using a plasmid expressing Cas9 and a guide 
RNA and either double-stranded PCR repair template 
or single-stranded oligo, followed b y remov al of the Cas9 

plasmid by 5-FOA selection. 
To scramble the Gal4 UAS sites (scrUAS) at pGAL2 , 

pGAL7 and pGAL1-10 (YTL1154), three successi v e rounds 
of transformations were used to edit one locus at a time 

using the CRISPR-based approach described above with 

single-stranded oligos as repair templates. 
To introduce the DNA label at the GAL locus ( 3 

′ -GAL1 ; 
YTL1652, YTL1662 and YTL1686), 3 

′ -RNR2 (YTL1699) 
or 5 

′ -RNR2 (YTL1698), three successi v e rounds of trans- 
formations were used, as described in ( 39 ). First, a natMX 

cassette was integrated at either 3 

′ -GAL1 , 3 

′ -RNR2 or 5 

′ - 
RNR2 by transformation with a PCR product encoding 

for natMX and homology arms for the tetO array. Next, 
the natMX cassette was replaced with tetOx128 array us- 
ing the CRISPR-based approach described above using a 

PCR product as repair template. Finally, tetR1-tdTomato 

was integrated at the ADE1 locus by transformation us- 
ing a plasmid digestion as a repair template. The BY4743 

strains with the DNA label at the GAL locus (YTL1678 and 

YTL1693) were created by mating the BY4742 strain with 

GAL DNA label and GAL4-EGFP or BPSV40-GAL4( Δ1– 

94)-EGFP with either a BY4741 Δgal4 strain (YTL1679), a 

WT BY4741 strain (YTL1678) or a BY4741 GAL4( Δ768– 

881) strain (YTL1693). 
The BY4743 diploid strains with PP7 loops (YTL1218, 

YTL1317 for cluster-RNA-label overlap, YTL1098, 
YTL1326 for growth assay and YTL590, YTL1431 and 

YTL1432 for li v e-cell imaging) wer e cr ea ted by ma t- 
ing of a BY4741 and a BY4742 haploid yeast strain. 
The BY4742 strain was either GAL4-EGFP , BPSV40- 
GAL4( Δ1–94)-EGFP or gal4 Δ. The BY4741 strain 

contained 14xPP7-GAL10 , inserted by transformation 

with a PCR product containing the PP7 loop cassette and 

lo xP-kanMX-lo xP followed by kanMX removal by CRE 

recombinase. The PP7 coat protein was inserted in the 
BY4741 strain by transformation with a digested plasmid 

as a repair template (pTL174:PacI for PCP-GFPEnvy in 

YTL590, YTL1431 and YTL1432 or pTL306:PacI for 
PCP-ymScarletI in YTL1317, YTL1326 and YTL1218). 

The BY4742 with GAL4-EGFP + gal80 Δ strain 

(YTL762) was created by transformation of the BY4742 

with GAL4-EGFP strain with a PCR product contain- 
ing a lo xP-kanMX-lo xP cassette to replace GAL80 and 

subsequent kanMX removal by CRE recombinase. For 
the BY4742 with GAL4-EGFP and med15 Δ (YTL1304), 
the med15 Δ was created using the CRISPR-based ap- 
proach described above using a single-stranded oligo as a 

repair templa te. A pla te-based growth assay indica ted tha t 
YTL762 has a functional galactose metabolism, whereas 
YTL1304 has not, as expected (Supplementary Figure 
S3A). 

For Western Blot experiments, V5-tags (3x V5) were 
introduced using the CRISPR-based approach described 

above using a PCR product as a repair template, us- 
ing YTL390, YTL762, YTL1284, YTL1221, YTL1286 

and YTL1226 as parent strains for YTL1653, YTL1685, 
YTL1655, YTL1661 and YTL1654, respecti v ely. 

The BY4743 diploid strains for RT-qPCR experiments 
(YTL1834, YTL1835, YTL1836 and YTL1837) were cre- 
a ted by ma ting by ma ting of a BY4741 and a BY4742 hap- 
loid y east str ain containing the appropriate GAL4 geno- 
type, either GAL4 (WT), gal4 Δ ( � ), GAL4( Δ768–881) 

( � AD) or BPSV40-GAL4( Δ1–94) ( � DBD). 
For all strains at least two r eplicates wer e constructed in- 

dependentl y, w hich were verified by PCR and, if applica- 
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ble , sequencing. All strains , plasmids and oligos used in this 
study are listed in Supplementary Tables S1, S2 and S3, re- 
specti v ely. Yeast strains and plasmids are available on re- 
quest. 

Live-cell imaging of Gal4 clustering 

Yeast cultures were started in synthetic complete medium 

in the morning, diluted in the e v ening and grown overnight 
(O / N) to mid-log (OD 600 nm 

0.2–0.4) whereafter they were 
imaged on a coverslip with a 2% agarose pad, as described 

previously ( 40 ). For all experiments, unless indicated oth- 
erwise in the legends, the indicated carbon sources were 
present throughout the entire experiment. For cells with a 

DNA-label, containing the ade1::tetR1-tdTomato-kanMX 

integration, 40 mg / L adenine was added to both synthetic 
complete medium and agarose pad to rescue ade1 defi- 
ciency. 

Imaging was performed on an AxioObserver.7 / 
ELYRA.P1 microscope (Zeiss) equipped with an incubator 
for microscopy (Pecon) set at 30 

◦C, Scanning Stage Piezo 

130 × 100 (Zeiss) and 405, 488, 561 and 640 nm lasers (Co- 
herent) with maximum powers at 50, 100, 100 and 150 mW 

respecti v ely. We used an alpha Plan-Apochromat 100 × NA 

1.57 oil objecti v e (Zeiss), and a filterset consisting of a 

ZT405 / 488 / 561 / 640rpcv2-UF1 dichroic filter (Chroma) 
and a ZET405 / 488 / 561 / 640mv2 emission filter (Chroma). 
The emission was split in two channels (TV1 and TV2) 
using a duolink splitter (Zeiss) holding a filterset with a 

BS561 dichroic beamsplitter (Zeiss) and FF03-525 / 50–25 

and BLP02-561R-25 emission filters (Semrock) used for 
imaging DNA- or RNA-labels and Gal4-EGPF clusters 
respecti v ely on two EM-CCD iXon DU 897 camera’s 
(Andor). All imaging was performed using the following 

settings in Zen Blue software: TIRF acquisition mode, 
512 × 512 pixels field of view, 1.6 × optovar, HILO illumi- 
nation mode, 50 ms exposure time, EMCCD gain set to 

100 × and z -stacks (using the piezo) were set to 21 planes at 
250 nm intervals. 

The Gal4-EGFP clusters were imaged with excitation at 
488 nm at 25% power resulting in resulting in a ±2 kW / cm 

2 

excita tion intensity. W hen imaging either the DNA-label or 
RNA-label, an extra z -stack (TV1) was taken prior to the z - 
stack capturing the clusters (TV2), using excitation at 561 

nm at 0.2% power for the DNA label ( ±16 W / cm 

2 exci- 
tation intensity) and 0.1% power for the RNA-label ( ±8 

W / cm 

2 excitation intensity). 
Replicates of conditions to be compar ed wer e always im- 

aged on the same day and comparisons were only made be- 
tween these (pair ed-)r eplicates. 

Image segmentation 

Clustering microscopy data was analyzed using cus- 
tom Python software (10.5281 / zenodo.7650154 with 

dependencies from 10.5281 / zenodo.7650168 and 

10.5281 / zenodo.7650172). For all experiments, the 
EGFP channel (TV2) was used for cell detection and image 
segmentation. Briefly, a maxim um intensity projection 

of the 3D z -stack w as made which w as then smoothed 

using a gaussian filter with σ 2.5 v o x els. The r esulting 

image was then thresholded using Otsu’s method to find 

areas containing cells. Any holes in this mask were filled 

and small features were removed. Finally, the cells were 
separa ted using wa tershedding with local maxima at least 
40 pixels apart functioning as starting points. Then the area 

of the nucleus was determined for each cell individually 

by thresholding the cell. The threshold was determined by 

Otsu’s method on the 75% of brightest non-zero pixels. 
The part of the cell higher than this threshold was taken 

to be the nucleus. After this automated segmentation, the 
cellular and nuclear masks were checked manually and 

corrected w hen m ultiple cells were masked to gether or 
when a mask contained debris or a dead cell. Additionally, 
for RN A-label-overla p experiments, cells without any 

transcription site wer e r emoved as their bright nuclei with 

high le v els of fluorescently labelled coat protein led to 

background false-positi v e transcription sites being picked 

up during spot detection. 

Spot detection 

Initial spot detection was done by a ppl ying a difference of 
gaussians filter (DoG) to the 3D z -stack. The DoG filter was 
applied with σ 2.075 and 1.245 pixels in x and y directions 
and 1.325 and 0.795 planes in z direction. The local maxima 

found were considered to be spot candidates. 
Various absolute thresholds were used to select only lo- 

cal maxima above the background. These thresholds were 
kept the same for all conditions and replicates which were 
compar ed dir ectly. 

Spot fitting 

A region of interest (ROI) of 11 pixels in x and y direc- 
tions and se v en planes in z direction was cut out of the 
image around each spot candidate. Then the parameters of 
this spot were determined in two steps: (i) iterati v e moment 
analysis and (ii) fitting. 

We assume each spot can be described by a gaussian pro- 
file on top of a tilted background: 

G ( x , y , z ) = 

I 

( 2 π) 3 / 2 σ 2 
xy σz 

· exp 

[ 

− ( x − x 0 ) 
2 + ( y − y 0 ) 

2 

2 σ 2 
xy 

− ( z − z 0 ) 
2 

2 σ 2 
z 

] 

+ b + b x x + b y y + b z z 

To ensure that we are calculating the parameters of the 
spot candidate instead of a nearby neighbor, the image in 

the ROI is multiplied by a gaussian approximating the mi- 
croscope point spread function (psf, σxy = 1.66 pixels and 

σz = 1.06 pix els), center ed in each iteration on the loca- 
tion x 0 , y 0 , z 0 of the spot determined by moment analysis 
in the step before. Besides the location, the background 

b, b x , b y , b z is determined in each iteration by fitting lin- 
ear functions through the v o xels at the edges of the ROI. 
This process is stopped when either the location does not 
significantly improve anymore between iterations, when the 
new location is more than 3 v o xels from the spot candi- 
da te loca tion or when 20 or more itera tions were performed. 
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Thereafter, the spot intensity I and width σxy , σz are deter- 
mined by moment analysis, correcting for the limited do- 
main of the ROI as moment analysis expects an infinite do- 
main. The resulting parameters were then used as an initial 
guess for a Limited-memory Broyden–Fletcher–Goldfarb– 

Shanno (L-BFGS-B) optimization on the sum of weighted 

squar ed log r esiduals, again to make sure that the spot can- 
didate is fitted. The weight is defined as a gaussian with σxy 
= 3.32 pixels and σz = 2.12 pixels centered on the last posi- 
tion determined by the moment anal ysis. Subsequentl y, the 
goodness of fit is determined as the adjusted coefficient of 
determination for both the fit as a whole and for the peak 

and background parts individuall y. Finall y, the peak inten- 
sity I p , defined as the height of the maximum of the gaussian 

fit above the background, was calculated as: 

I p = 

I 

( 2 π) 3 / 2 σ 2 
xy σz 

Spot filtering 

Spots of which the resultant location was not within 3 v o xels 
from the initial guess were considered to have a failed local- 
ization and removed from the results. Additionally, of peaks 
closer to each other than 0.1 times the psf size ( σ xy = 1.66 

pixels and σ z = 1.06 pixels), only the first was kept. Finally, 
only spots residing within the cellular masks and of which 

the goodness of fit (adjusted R 

2 ) of the peak was above – 

1 were taken into account in the analysis of clusters and 

DN A- / RN A-labels. 

Quantification of clusters 

The frequency of number of clusters per cell was quantified 

by counting the number of filtered spots within e v ery cell 
mask, combining the counts of e v ery replicate per condi- 
tion and thereafter making a normalized histogram of these 
counts in which the error bars r epr esent the bootstrapped 

standard error of the mean (1000 repeats). 
To compare cluster σ , density ( I p ) and total intensity 

( I ) between conditions, the filtered spots of all replicates 
within a condition were combined and were shown us- 
ing boxplots in which the box indicates the quartiles of 
the dataset and the whiskers extend to 1.5 times the inter- 
quartile range. The boxplots were overlayed with the in- 
dividual data points. For visualization purposes, the axis 
range was chosen such that it was easy to compare the box- 
plots between conditions. Note that in some cases, this led 

to a few single datapoints ending up outside of the displayed 

range of the plots. We note that all values, also those outside 
the display ed r ange, were included during statistical testing. 

For both the number of clusters per cell, cluster σ , den- 
sity and total intensity, the differences in population me- 
dian between multiple conditions were first tested using the 
Kruskal–Wallis H -test for independent samples, followed 

by two-sided pairwise Mann–Whitney U tests. 

Quantification of colocalization between clusters and the 
DN A- / RN A-label 

On e v ery day of two-channel imaging, a z -stack of 0.21 

�m TetraSpeck ™ microspheres (ThermoFisher) was made 

to correct for aberrations between the channels of the DNA- 
/ RNA-label (hereafter named ‘reference label’; TV1) and 

clusters (TV2). In brief, a 2D af fine transforma tion map- 
ping TV2 to TV1 was determined using SimpleElastix and 

max z projections of both channels of the two-color bead 

sample, correcting for aberrations in x and y . For z , we 
assumed a simple (focus) offset, which was determined by 

processing the bead sample using the same spot detection 

and fitting pipeline as for the clusters, with the minor mod- 
ification of using a 10 × standard deviation threshold for 
determining the local maxima. We then found the nearest 
neighbor pairs between channels. These pairs were filtered 

from outliers using the interquartile range rule and the off- 
set in the z direction was determined as the mean distance 
between the beads in each pair in z . Finally, the locations 
of the spots in the second channel (TV2) where corrected 

using the affine transformation and the offset in z prior to 

distance calculations. 
After spot filtering, the r efer ence label of e v ery cell was 

determined as the spot with the largest density ( I p ) within 

the nuclear mask, as both the DNA- and RNA-labels are 
expected to be in the nucleus. Within each r efer ence label- 
containing cell, all 3D and 2D cluster-r efer ence distances 
were calculated. The distributions of the beforementioned 

spot parameters ( σ , density and total intensity) of spots 
with a distance closer or further than the overlap thresh- 
old were tested for differences using the two-sided Mann– 

Whitney U test. 
For the calculation of fraction of nearest neighbor dis- 

tances (NNDs) all cells with a r efer ence label wer e taken 

into account. For e v ery cell, the NND was determined as 
the minimal 3D / 2D distance. Cells with a r efer ence label 
but lacking clusters were also included as fractions were 
normalized to all cells containing a r efer ence label, but their 
NNDs were set to ‘nan’. Finally, the NNDs were divided 

over 0.1 �m bins in a histogram normalized to all cells with 

a r efer ence label. The standar d error of the mean of e v ery 

bin was calculated using bootstrapping (1000 repeats). Dif- 
ferences between conditions in populations of cells with an 

overlapping cluster-r efer ence label wer e calculated using a 

two-sided Fisher’s exact test. 

Quantification of σversus density 

To test whether the spot fitting algorithm can independently 

fit spot σ and density, z -stacks were taken of fluorescent 
beads (0.21 �m TetraSpeck microspheres, ThermoFisher) 
a t dif ferent laser powers. Apart from the varying laser pow- 
ers, imaging settings were as before. Spots were localized 

with a standard deviation threshold of 10 for the detection 

of local maxima. Spots for which localization failed were fil- 
tered out as before. As expected, the σ stays constant while 
the spot density changes at different laser powers (Supple- 
mentary Figure S1B–D). 

Fit of σ versus diameter 

To estimate the relationship between the measured σ and 

the spot diameters, z -stacks were taken of 100, 200, 500 

and 1000 nm fluorescent beads (TetraSpeck ™ microspheres, 
Invitrogen T14792). Imaging settings were as before, with 
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the minor modifica tion tha t an alpha Plan-Apochromat 
100 × NA 1.46 oil objecti v e was used as this corresponded 

to the coverslip on which the beads were mounted. Spots 
were localized with an adjusted DoG filter for NA 1.46 and 

a standard deviation threshold of 10 for the detection of lo- 
cal maxima. Spots for which localization failed were filtered 

out as before. The relationship between the σ (Supplemen- 
tary Figure S1E), and the diameter d was described empir- 
ically as: 

d = 

( 

σβ − σ
β

0 

α

) 

1 
β

Fitting this equation to the bead diameters and the mean 

σ for each bead diameter resulted in σ0 = 0.118 ± 0.014 

�m, α = 0.05 ± 0.05 �m and β = 3.46 ± 2.15. To convert 
the NA 1.46 results to NA 1.57, the acquired σ0 was mul- 
tiplied with the ratio 1.46 / 1.57, giving σ0 = 0.109 ± 0.012 

�m (Supplementary Figure S1F). Using these parameters, 
we converted our measurements of σ for Gal4-EGFP clus- 
ters in induced (galactose) conditions (Figure 1 D) to esti- 
mate the cluster diameter to be in the range of 100–763 nm. 
For this conversion, we used the 1.5 × interquartile range as 
minimum and maximum values for σ . 

Live-cell imaging of transcription dynamics 

Li v e-cell imaging of transcription dynamics was performed 

as previously described in detail with minor modifications 
( 40–42 ). In brief, yeast cultur es wer e started in synthetic 
complete medium containing 2% raffinose in the morn- 
ing, diluted in the e v ening and grown O / N to mid-log 

(OD 600 nm 

0.2–0.4) whereafter they were imaged on a cov- 
erslip with a 2% agarose pad containing 2% galactose and 

2% raffinose. Imaging was performed on a setup consisting 

of an AxioObserver inverted microscope (Zeiss), an alpha 

Plan-Apochromat 100 × NA 1.46 oil objecti v e, an sCMOS 

ORCA Flash 4v3 (Hamamatsu) with a 475–570 nm dichroic 
(Chroma), 570 nm longpass beamsplitter (Chroma) and 

515 / 30 nm emission filter (Semrock), a UNO Top stage in- 
cubator (OKOlab) at 30 

◦C, and LED excitation at 470 / 24 

nm (SpectraX, Lumencor) at 20% power and an ND 2.0 fil- 
ter, resulting in a 62 mW / cm 

2 excitation intensity. Widefield 

images were recorded for 1 h at 15 s interval, with z -stacks 
(9 planes at 0.5 �m intervals) and 150 ms exposure using 

Micro-Manager software ( 43 ). For each condition, 9 repli- 
ca te da tasets wer e acquir ed with in total at least 265 cells. 

Analysis of transcription dynamics 

For analysis of the transcription dynamics imaging data, 
a similar approach was used as described previously ( 41 ). 
All analysis was implemented as custom-written Python 

softwar e (10.5281 / zenodo.7660780). First, images wer e cor- 
rected for xy -drift in the stage using an affine transforma- 
tion on the maximum intensity projection. Next, cells were 
segmented using Otsu thresholding and watershedding. The 
intensity of the transcription sites (TS) was calculated by fit- 
ting a 2D Gaussian mask after local background subtrac- 
tions as described previousl y ( 44 ). Initiall y, a threshold of 
eight times the standar d de viation of the background was 

used. For frames where no TS was detected, a second fit 
was made in the vicinity of the high intensity spots detected 

in that cell, using a threshold of six times the standard de- 
viation of the background. For frames where no TS was de- 
tected after this second fit, the intensity was measured at 
the location of the previous frame where a TS was success- 
fully found. The tracking within each cell was inspected vi- 
sually, and the endpoint of each trace was manually set at 
the last frame where a TS is visible. Cells without a TS, di- 
viding cells, cells that were segmented incorrectly and cells 
that contained tracking errors were excluded from analysis. 

To determine the on and off periods, binarization was 
performed using a threshold set at six times the standard 

deviation of the background. The standard deviation of 
the background was determined for each cell fitting by 

a Lorentzian distribution to intensities measured at four 
points at a fixed distance from the TS in each frame in 

the same cell. This threshold was chosen to reliably dis- 
tinguish on and off periods fr om backgr ound le v els at the 
single-transcript le v el. Subsequently, the binarization was 
improved by removing bursts that last a single frame and 

merging bursts that are separated by a single frame. From 

these binarized traces, the burst durations, time between 

bursts, induction time are directly calculated. The burst in- 
tensity is measured as the average intensity of all frames in 

which the cell was on. The fraction of acti v e cells was de- 
termined by manual scoring of the cell that do and the cells 
that do not show a TS during the 1-h acquisition period. 

In total at least 265 cells were included for each condition, 
and values for burst duration, time between bursts, induc- 
tion time and burst intensity are determined by bootstrap- 
ping with 1000 repetitions. Reported error bars are standard 

deviations from the same bootstrap. Error bars in the num- 
ber of acti v e and inacti v e cells are gi v en by the square root of 
the number of cells, as cells are expected to be independent 
of each other and thus follow Poisson statistics. To deter- 
mine whether the obtained bursting parameters are signifi- 
cantly different between conditions, we have used bootstrap 

hypothesis testing using equation (4) from ( 45 ) to determine 
the achie v ed significance le v el. 

Protein detection by immunoblot and antibodies 

Yeast cultures were started in synthetic complete medium 

containing the indicated carbon sources the morning, di- 
luted in the e v ening and grown O / N to OD 600 nm 

0.5, 
washed in MilliQ, pelleted and snap-frozen on dry ice. For 
protein extraction, cells were resuspended in 300 �l MilliQ, 
incubated with 300 �l 0.2M NaOH for 7 min at room tem- 
perature, centrifuged and resuspended in 500 �l 2 × SDS- 
PAGE sample buffer (4% SDS, 20% glycerol, 0.1 M DTT, 
0.125 M Tris–HCl pH 7.5 and EDTA-free protease in- 
hibitors). Samples were incubated at 95 

◦C for 5 min while 
shaking and centrifuged at 800g for 10 min at 4 

◦C. A total 
of 20 �l lysate with loading buffer was run on a NuPAGE 3– 

8% gradient TAC gel and transferred to a 0.45- �m nitrocel- 
lulose membrane at 200 V, 1 A for 4 h at 4 

◦C. For blocking, 
the membrane was washed with TBS-T, incubated with PBS 

containing 5% milk for 1 h and washed briefly with TBS-T, 
all at room temperature. The membrane was incubated with 

PBS containing 2% milk and primary antibody (1:5000) 
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overnight a t 4 

◦C , washed three times with TBS-T for 10 min, 
incubated with 2% milk and secondary antibody (1:5000) 
for 1 h at room temperatur e, washed thr ee times with TBS-T 

for 10 min and once with PBS for 10 min, and imaged using 

an LI-COR Odyssey IR imager (Biosciences). Western blot 
analysis was performed using primary antibodies against 
V5 (R960-25, ThermoFisher), Pgk1 (Invitrogen 22C5D8, 
RRID: AB 2532235) and tubulin (Ab6161, Abcam) and 

secondary antibodies Odyssey goat-anti-mouse 800 nm and 

Od yssey goa t-anti-ra t 800 nm. 
The fluorescence signal of western blot images was quan- 

tified using ImageJ ( 46 , 47 ). In brief, ROIs of the same di- 
mensions are drawn in each lane of the image. Next, a profile 
plot is created for each lane and a baseline is drawn manu- 
ally to enclose the peak. The total area of the enclosed peak 

is calculated and used as a measure for the band intensity. 
This procedure is repeated for the signal of each primary 

antibody. The V5 band intensities are then normalized over 
corresponding Pgk1 or Tubulin bands and r epr esented r el- 
ati v e to the condition indicated in the figure legend. 

Gr owth assa y 

The galactose metabolism capacity of yeast strains was as- 
sessed with a growth assay as described previously ( 41 ), 
with minor modifications. Serial fiv e-fold dilutions of in- 
dicated strains (YTL559, YTL1284, YTL1286, YTL1326 

and YTL1098 in Figure 6 A; BY4742 and YTL390 in 

Supplementary Figure S2A; YTL559, YTL390, YTL762 

and YTL1304 in Supplementary Figure S3A; YTL559, 
YTL390, YTL1284, YTL945, YTL1226, YTL1221 and 

YTL1286 in Supplementary Figure S4A) were spotted on 

various plates and growth was assessed after 3 days at 30 

◦C. 
Growth on YEP + 2% glucose was used as loading control. 
Growth on YEP + 2% galactose + 20 �g / ml ethidium bro- 
mide was interpreted as functional galactose metabolism, 
as galactose is the only carbon source available because 
ethidium bromide inhibits the use of amino acids as car- 
bon source by binding to mitochondrial DNA. On the con- 
trary, growth on YEP + 2% raffinose + 2% galactose + 40 

mM lithium chloride (LiCl) + 0.003% methionine was in- 
terpreted as no functional galactose metabolism. Although 

galactose is present, its metabolism is lethal in the pres- 
ence of LiCl due to the buildup of toxic metabolic inter- 
mediates. Ther efor e, only yeast without a functional galac- 
tose metabolism can survi v e on these plates, using the raf- 
finose as carbon source. Methionine is added to pre v ent 
buildup of other toxic intermediates caused by LiCl inhibit- 
ing Hal2p / Met22p, the yeast BPNase ( 48 ). 

RT-qPCR 

Yeast cultures were started in synthetic complete medium 

with 2% galactose and 2% raffinose in the afternoon and 

grown O / N to stationary phase. In the morning, cultures 
were diluted to OD 600 nm 

0.125 and harvested at mid-log at 
OD 600 nm 

0.5–0.6. Subsequently, cells were pelleted by cen- 
trifugation, snap-frozen on dry ice and stored at -80 

◦C O / N. 
Three biological replicates were used for e v ery yeast strain 

(BY4743, YTL1834, YTL1835, YTL1836 and YTL1837). 
Total RNA was isolated using phenol-chloroform extrac- 

tion. In brief, cells were resuspended in equal volumes (500 

�l) of acid phenol:chloroform 5:1, pH 4.7 (Sigma) and TES 

buffer (10 mM Tris pH 7.5, 10 mM EDTA, 0.5% SDS), in- 
cuba ted a t 65 

◦C f or 10 min f ollowed by shaking at 1400 rpm 

at 65 

◦C for 50 min. Aqueous and organic phases were sep- 
arated by centrifugation at 14 000 rpm at 4 

◦C for 20 min. 
The aqueous phase was subsequently washed with equal 
volumes of acid phenol:chloroform 5:1, pH 4.7 (Sigma) and 

phenol:chloroform:isoamyl alcohol 25:24:1 (sa tura ted with 

10 mM Tris, pH 8.0, 1 mM EDTA; Sigma) followed by 20 

s of vortexing and phase separation by centrifugation at 
14 000 rpm at 4 

◦C for 10 min. The aqueous phase was then 

added to 50 �l sodium acetate (3 M, pH 5.2), diluted with 

cold ( −20 

◦C) 100% ethanol and left at −20 

◦C for at least 30 

min for the RNA to precipitate. RNA was pelleted by cen- 
trifuga tion a t 14 000 rpm for 5 min after which the pellet 
w as w ashed with 500 �l cold ( −20 

◦C) 80% ethanol, resus- 
pended in water, snap-frozen in liquid nitrogen and stored 

at -80 

◦C O / N. The isolated RNA was then cleaned using the 
RNeasy Mini Kit (QIAGEN) with on-column DNase treat- 
ment (QIAGEN) according to manufacturer’s instructions. 
Per sample, 2500 ng RNA, measured using NanoDrop, was 
re v erse transcribed using Tetro Re v erse Transcriptase (Bi- 
oline) and Oligo(dT)18 primers (Meridian Bioscience), in- 
cluding a no-RT control reaction. For both reactions, a test 
PCR (same reaction as qPCR) with ACT1 primers was per- 
formed and assessed by gel electrophoresis which verified 

the absence of PCR product in the no-RT control and a sin- 
gle band in RT r eaction. The r esulting cDNA was stored at 
−20 

◦C. 
RT-qPCR was performed in triplicates with 0.6 ng cDNA 

in 10 �l reactions using the SensiFAST No-ROX mix (Bio- 
line #98020) and run on a LightCycler 480 System (Roche) 
using the following thermocycling parameters: 95 

◦C for 5 

min, 45 cycles (95 

◦C for 10 s, 56 

◦C for 10 s, 72 

◦C for 10 s), 
followed by a dissociation curve. Amplicon lengths ranged 

from 150 to 179 bp. For e v ery primer pair, eight fiv e-fold di- 
lutions (15 to 0.000192 ng) of BY4743 cDNA were included 

which confirmed that the obtained C q values fell within the 
linear amplification range ( R 

2 standard curves > 0.997). 
The � C q values of the relati v e mRNA e xpression le v els of 
GAL1 , GAL10 , GAL7 and GAL2 against ACT1 were nor- 
malized to the average � C q of the three biological replicates 
of WT / WT (BY4743). Significance between the � C q values 
was determined using Student’s t test. 

RESULTS 

Gal4 forms clusters in living yeast cells 

To visualize endogenous Gal4 in living yeast cells, we fused 

EGFP with a fle xib le linker to the C-terminus of Gal4 (Fig- 
ure 1 A). Addition of the EGFP tag did not affect cell growth 

on galactose-containing pla tes, indica ting full functionality 

in inducing the GAL genes (Supplementary Figure S2A). 
GAL4-EGFP cells were grown in media with different car- 
bon sour ces, wher e the GAL genes are either r epr essed (glu- 
cose), uninduced (raffinose) or induced (galactose) ( 49 ), and 

imaged in 3D with high signal-to-noise ratio using highly in- 
clined and laminated optical sheet (HILO) microscopy ( 50 ). 
In all three growth conditions, we observed bright Gal4- 
EGFP foci of high local concentration (Figure 1 B), here- 

https://scicrunch.org/resolver/RRID:
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Figure 1. Gal4 forms clusters that colocalize with the GAL genes. ( A ) Schematic r epr esentation of Gal4. The activation domain (AD), central region (CR) 
and DNA-binding domain (DBD) are indicated. For visualization, the C-terminus of the endogenous Gal4 is tagged with EGFP (green). Note that Gal4 
binds DNA as a dimer. ( B ) Representati v e images of Gal4-EGFP clusters in yeast cells grown in repressed (glucose, very light green), uninduced (raffinose, 
light green) and induced (galactose, green) conditions. Images are a single z -slice of a r epr esentati v e group of cells. Scalebar: 3 �m. (C–F) Quantification 
of Gal4-EGFP clusters in r epr essed (very light green, 285 cells), uninduced (light green, 381 cells) and induced (dark green, 280 cells) conditions. ( C ) 
Distribution of number of clusters observed per cell. Error bars indicate standard error of the mean (SEM) based on 1000 bootstrap repeats. (D–F) 
Distribution of ( D ) cluster σ , ( E ) density and ( F ) total intensity, r epr esented by the sigma, peak height and integrated intensity of the 3D gaussian fit, 
respecti v ely (see Materials and Methods for details). Circles show data for individual clusters and box plots show the distribution of the data, with box 
edges indicating first and third quartiles, center line indicating the median and whiskers indicating the 1.5 × interquartile range. Significance determined 
by Mann–Whitney U test; n.s.: not significant; * P < 0.05; ** P < 0.01. ( G ) Schematic r epr esentation of genomic integration of the 128xtetO DNA label 
(magenta) at the GAL locus (light green), with six Gal4 bindings sites (Upstream Activating Sequences, UASs; orange), or at the RNR2 locus (grey), without 
Gal4 binding sites. ( H ) Representati v e images of dual-color fluorescence imaging to determine the colocalization between Gal4-EGFP clusters (green) and 
the GAL locus (magenta) in uninduced (raffinose) and induced (galactose and raffinose) conditions. Images are a single z -slice of a r epr esentati v e group of 
cells. Scalebar: 3 �m. ( I ) Scatterplot of Gal4-EGFP cluster density versus 3D distance between the cluster and the GAL DNA label for uninduced (top, dark 
green) and induced (bottom, light green) conditions (306 and 206 cells, respecti v ely). Vertical dashed line indicates 400 nm threshold used to discriminate 
between overlapping and non-overlapping clusters. Significance between clusters closer and further than 400 nm from the DNA label was determined by 
Mann–Whitney U test; * P < 0.05; ** P < 0.01. ( J ) Distribution of 3D nearest neighbor distances (NND) between the GAL (green) and RNR2 (grey) DNA 

label and the closest Gal4-EGFP cluster in uninduced (top, light green and light grey, 306 and 276 cells, respecti v ely) and induced conditions (bottom, 
dark grey and dark green, 200 and 198 cells, respecti v ely). Shaded regions represent SEM based on 1000 bootstrap repeats. Vertical dashed line indicates 
400 nm threshold used to discriminate between overlapping and non-overlapping clusters. Inset shows fraction of GAL or RNR2 loci with an overlapping 
cluster. Error bars r epr esent SEM based on 1000 bootstrap repeats. Significance determined by Fisher’s exact test; n.s.: not significant; ** P < 0.01. 



5456 Nucleic Acids Research, 2023, Vol. 51, No. 11 

after r eferr ed to as Gal4 clusters. These clusters wer e not 
observed in the WT strain (without EGFP ) or a strain ex- 
pressing nuclear EGFP (Supplementary Figure S2B), indi- 
ca ting tha t the observed clustering is specific for Gal4. To 

quantify the size and intensity of the observed clusters, they 

were fit with a 3D gaussian model. This allowed extraction 

of the peak width (the standard deviation σ , a measure for 
cluster size) and peak height (cluster density, a measure for 
Gal4 concentration within the cluster), which together de- 
termine the total intensity (the integrated peak intensity, a 

measure for the total number of molecules in the cluster) 
(Supplementary Figure S1A). Fitting of beads confirmed 

the independence of the size and density in the fitting al- 
gorithm and allowed us to use σ to estimate the cluster di- 
ameter (Supplementary Figure S1B–D). Quantification and 

localization of the clusters with this algorithm re v ealed that 
both the number of Gal4 clusters and the total cluster in- 
tensity were lowest in r epr essed cells (glucose), intermedi- 
ate in uninduced cells (raffinose) and highest in induced 

cells (galactose) (Figure 1 C, F). Repressed cells showed less 
dense clusters than uninduced and induced cells, while in- 
duced cells showed larger clusters than r epr essed or unin- 
duced cells (Figure 1 D, E). In induced conditions, the clus- 
ter diameter ranged a pproximatel y between 100 and 750 

nm (Figure 1 D, Supplementary Figure S1F, see Materials 
and Methods). We conclude that the TF Gal4 forms clus- 
ters and that the degree of clustering positi v ely correlates 
with conditions of acti v e GAL gene transcription . 

Gal4 clusters are enriched at their endogenous target genes 

To test whether these Gal4 clusters localize at endoge- 
nous target sites, we integrated 128 repeats of the tetO se- 
quence downstream of the GAL1 gene and constituti v ely 

expressed tetR-tdTomato to visualize the location of the 
GAL1–GAL10–GAL7 locus inside living cells (Figure 1 G) 
( 39 ). The GAL locus contains six Gal4 binding sites: four 
in the GAL1-10 promoter and two in the GAL7 promoter. 
Dual-color imaging of Gal4-EGFP clusters and the GAL 

DNA label in uninduced and induced conditions re v ealed 

frequent colocalization of Gal4 clusters at the GAL genes 
(Figure 1 H). In both conditions, the Gal4 clusters with the 
highest density were found in proximity (3D distance < 400 

nm) of the GAL locus (Figure 1 I). These close-proximity 

clusters w ere, how e v er, slightly smaller than clusters further 
away from the locus (Supplementary Figure S2F), such that 
the total intensity was increased but not as much as the den- 
sity (Supplementary Figure S2G, H). Clustering around the 
multiple binding sites in the GAL locus may thus result in 

more concentrated, smaller Gal4 clusters. 
To quantify the colocalization of clusters with the GAL 

locus, we determined the 3D nearest neighbor distance 
(NND) from each DNA label to a Gal4 cluster, which 

showed a clear peak at proximal distances (Figure 1 J). 
To discriminate clusters that overlap with the GAL lo- 
cus, the percent overlap was calculated using different dis- 
tance thresholds (Supplementary Figure S2D). We chose a 

threshold of 400 nm to define overlapping clusters, since 
this threshold included the majority of the proximal high- 
intense clusters in uninduced conditions, while simultane- 
ously limiting random overlap within the small yeast nu- 

cleus ( < 2 �m diameter). We note that the NND distribu- 
tion is wider in induced than in uninduced condition (Fig- 
ure 1 J), perhaps because the GAL locus expands upon tran- 
scription activation, and that the 400 nm threshold likely 

results in an underestimate of the true overlap. Through- 
out the manuscript, we ensured that the results are indepen- 
dent of the chosen threshold. Using a threshold of 400 nm, 
34 ± 3% and 60 ± 4% of the GAL loci overlap with a Gal4 

cluster in uninduced and induced cells, respecti v ely (Figure 
1 J, inset). 

To check whether this colocalization was specific for the 
GAL genes, the DNA label was also placed in a different 
y east str ain downstream (3 

′ ) of RNR2 , a gene located on a 

chromosome without any GAL genes and that transcribes 
independently of Gal4 binding ( 41 ) (Figure 1 G, J). In con- 
trast to the GAL DNA label, the Gal4 clusters with the 
highest density were not enriched at the RNR2 DNA label 
(Supplementary Figure S2G). In addition, compared to the 
GAL genes, the distribution of NNDs at RNR2 was much 

broader (Figure 1 J) and only showed 10 ± 2% and 19 ± 3% 

overlap in uninduced and induced conditions, respectively. 
A second version of the RNR2 DNA label, in which the 
label was placed upstream (5 

′ ) of RNR2 , showed similar 
r esults (Supplementary Figur e S2E-H). To confirm these 
results and to eliminate a possible bias from the lower z - 
r esolution compar ed to the x-y r esolution, we r epeated this 
analysis in 2D ( xy ), which also showed many more proximal 
Gal4 clusters at the GAL genes than at the RNR2 gene (Sup- 
plementary Figure S2I). These results indica te tha t Gal4 

clusters are enriched at the GAL locus in both uninduced 

and induced conditions. 

The inhibitor Gal80 limits Gal4 cluster formation 

As Gal4 clustering differs between growth conditions, we in- 
vestigated how Gal4 clustering is regulated. We focused on 

regula tory fea tures tha t dif fer between dif ferent sugar con- 
ditions, including Gal80-mediated inhibition of Gal4 ac- 
tivity, Gal4 interactions with the transcriptional machin- 
ery and Gal4 expression levels. In r epr essed and uninduced 

conditions (glucose and raffinose), Gal80 inhibits Gal4 ac- 
tivity. To test whether Gal80 inhibition limits Gal4 cluster- 
ing in uninduced conditions, we analyzed Gal4 clustering 

in a gal80 Δ strain in raffinose (Figure 2 A). Western blot 
analysis of Gal4-EGFP-V5 verified that the Gal4 expression 

le v els in gal80 Δ cells were comparable to WT GAL80 cells 
(Supplementary Figure S3B). Deletion of GAL80 increased 

Gal4 cluster abundance, cluster size, cluster density and to- 
tal cluster intensity (Figure 2 B–E), indica ting tha t Gal80 

limits the clustering capability of Gal4 in uninduced con- 
ditions. 

Gal4 interactions with the Mediator tail are not r equir ed f or 
Gal4 clustering 

When Gal80 inhibition is relie v ed, Gal4 interacts with Me- 
dia tor via d ynamic ‘fuzzy’ interactions with the Med15 sub- 
unit ( 15 ) (Supplementary Figure S5A). Med15 forms con- 
densates in vivo in mammalian cells ( 51 ), and Mediator con- 
densates are able to induce liquid-liquid phase separation 

of ADs of various TFs in vitro ( 4 ). Because Gal80 shields 
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Figure 2. Gal4 cluster formation is inhibited by Gal80 and dependent on Gal4 concentra tion. ( A ) Representa ti v e images of Gal4-EGFP clusters in WT 

(green) and gal80 Δ (or ange) y east cells in uninduced (raffinose) conditions. Images are a single z -slice of a r epr esentati v e group of cells. Scalebar: 3 �m. 
(B–E) Quantification of Gal4-EGFP clusters in WT (green, 357 cells) and gal80 Δ (orange, 285 cells) in uninduced (raffinose) conditions. ( B ) Distribution 
of number of clusters observed per cell. Error bars indicate SEM based on 1000 bootstrap repeats. (C–E) Distribution of ( C ) cluster σ , ( D ) density and ( E ) 
total intensity. Circles show data for individual clusters and box plots show the distribution of the data, with box edges indicating first and third quartiles, 
center line indicating the median and whiskers indicating the 1.5 × interquartile range. Significance determined by Mann–Whitney U test; ** P < 0.01. ( F ) 
Western blot quantification of Gal4-EGFP-V5 protein levels using an anti-V5 antibody measured in the gal80 Δ background across a range of glucose 
and galactose concentrations (%w / v) as indicated. Expression le v els are normalized to Pgk1 and to the expression level in 2% galactose in the absence of 
glucose. Open circles represent the results of individual replicate experiments, bars indicate their mean. Western blot images are a representati v e e xample 
of two independent experiments. (G–J) Quantification of Gal4-EGFP clusters in gal80 Δ background in the same glucose and galactose conditions as in 
(F), with in total 153, 114, 142, 151 and 179 cells included in the respecti v e conditions. ( G ) Distribution of number of clusters observed per cell. Error bars 
indicate SEM based on 1000 bootstrap repeats. (H–J) Distribution of ( H ) cluster σ , ( I ) density and ( J ) total intensity. Circles show data for individual 
clusters and box plots show the distribution of the data, with box edges indicating first and third quartiles, center line indicating the median and whiskers 
indicating the 1.5 × interquartile range. Significance determined by Mann–Whitney U test; n.s.: not significant; * P < 0.05; ** P < 0.01. 
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the Gal4 AD and limits Gal4 clustering, we tested whether 
interactions of Gal4 with Med15 are important for Gal4 

clustering. Comparison of Gal4 clusters between WT and 

med15 Δ cells re v ealed that clusters were slightly more abun- 
dant, denser, and larger and had a slightly higher total in- 
tensity upon Med15 deletion (Supplementary Figure S3C– 

F). These results indicate that interactions with Med15 are 
not r equir ed for Gal4 clustering and may e v en limit them. 
Inhibition of Gal4 cluster formation by Gal80 thus occurs 
independent of suppression of Gal4-Mediator interactions. 
Gal80 may instead suppress Gal4–Gal4 self-interactions by 

physically shielding the AD or by enabling a more struc- 
tured conformation of the AD ( 15 ). 

Gal4 clustering is concentration-dependent 

In addition to Gal80-media ted regula tion of Gal4 activity, 
GAL4 expression is repressed by Mig1 in the presence of 
glucose ( 36 ). In line with previous studies, cells grown in 

r epr essed conditions showed reduced Gal4-EGFP-V5 lev- 
els by western blot compared to uninduced and induced 

conditions (Supplementary Figure S2C). Surprisingly, how- 
e v er, Gal4-EGFP-V5 le v els were higher in cells grown in 

galactose than in raffinose, e v en though galactose was pre- 
viously shown not to increase Gal4 mRNA le v els, nor in- 
cr ease expr ession of a r eporter gene dri v en by the GAL4 

promoter ( 52 , 53 ). We speculate that the Gal4 protein le v el 
increase in galactose may be caused by changes in its pro- 
tein degr adation r ate. Regardless, these differences in Gal4 

protein le v els across these sugar conditions raised the ques- 
tion whether Gal4 clustering is concentration dependent, as 
has been found for other TFs ( 4 , 30 , 34 ). 

To test the relationship between Gal4 concentration and 

Gal4 clustering, we varied the Gal4 concentration by mod- 
ulating the glucose concentration (Figure 2 F) ( 36 ) and an- 
alyzed Gal4 clustering at these varying Gal4 protein lev- 
els (Figure 2 G–J). These latter experiments were performed 

in gal80 Δ cells to pre v ent confounding effects of Gal80- 
regulation on Gal4 clusters. At higher Gal4 protein le v els, 
more and larger clusters were observed, with minor differ- 
ences in cluster density (Figure 2 G–J). Overall, we conclude 
that Gal4 clusters are regulated by Gal80 and are concen- 
tration dependent. 

DNA binding facilitates, but is not essential for Gal4 cluster- 
ing 

Ne xt, we e xamined how Gal4 clustering is affected by DNA 

binding. The upstream activating sequences for galactose 
(UASg) contain one or more 17-bp 5 

′ -CGG-N11-CCG- 
3 

′ consensus sequences, to which Gal4 binds as a dimer 
( 54 , 55 ). Since the UASg of se v eral Gal4 target genes con- 
tain multiple Gal4 upstream activating sequences (UASs): 
4 UASs in pGAL1-10 , 2 UASs in pGAL7 and 2 UASs in 

pGAL2 (Figure 3 A), clusters could possibly arise from bind- 
ing of se v eral Gal4 molecules to the adjacent UASs in these 
promoters. We tested this by scrambling all-but-one UAS 

for each of these three target promoters, such that the con- 
sensus sequence is lost (scrUAS, Figure 3 A) and no adja- 
cent Gal4 bindings sites are left in the genome ( 56 ). In this 
scrUAS strain, Gal4 clusters did not disappear and were 

onl y mildl y af fected (Figure 3 B–F), indica ting tha t Gal4 

clusters do not simply reflect multiple Gal4 molecules that 
are bound to adjacent binding sites. When adjacent UASs 
were scrambled, cluster abundance was onl y slightl y re- 
duced compared to a WT UAS strain, but interestingly, the 
clusters became larger and less dense (Figure 3 C–E). Bind- 
ing to adjacent sites, in particular at the GAL1–GAL10– 

GAL7 locus, may thus enhance cluster concentration and 

reduce their size. 
To investigate further how DNA binding affects Gal4 

clustering, we deleted the N-terminal region containing 

both the DNA binding domain (DBD) and the dimeriza- 
tion domain ( 55 , 57 , 58 ). As this region also contains the 
nuclear localization signal (NLS) ( 59 , 60 ), nuclear localiza- 
tion was ensured by addition of a strong BPSV40 NLS 

( 61 ). As expected, the Gal4 � DBD mutant strain was un- 
able to grow on galactose-containing plates (Supplementary 

Figure S4A). We found that deletion of the DBD did not 
abolish clustering but decreased cluster abundance, density 

and total intensity (Figure 3 G–K). This reduction in clus- 
tering was not caused by lower Gal4 le v els, as V5-tagged 

Gal4 � DBD le v els by western blot were modestly increased 

compared to Gal4 WT (Supplementary Figure S4B). In ad- 
dition, to distinguish between the effect of DNA binding 

and dimerization, we mutated a single amino acid, S41D, 
which abolishes Gal4 binding to the endogenous GAL1– 

10 promoter in vivo and to DNA in vitro but still contains 
an intact dimerization domain ( 62 ). Similar to Gal4 � DBD, 
Gal4(S41D) clusters were less abundant and less dense than 

WT (Supplementary Figure S4D–G). DNA binding thus 
contributes to cluster formation and allows for more con- 
centrated clusters, but it is not essential for clustering. 

Analysis of Gal4 � DBD cluster localization using the 
GAL DNA label showed that deletion of the DNA binding 

domain resulted in loss of cluster enrichment (7 ± 2% over- 
lap) at the GAL locus (Figure 3 L–N, Supplementary Fig- 
ure S4H), in line with the essential function of DNA bind- 
ing domains in determining sequence-specificity. Together, 
these results indicate that in the absence of DNA binding 

clusters can no longer localize at target genes, but can still 
form, albeit at a much-reduced rate. 

IDRs are not essential for Gal4 clustering, but contribute to 

target search 

Our results show that the DBD of Gal4 is essential for clus- 
ter localization to the GAL genes, which is consistent with 

the sequence-specificity of DBDs. In addition, se v eral re- 
ports have indicated that TF target gene selection is facil- 
itated by regions outside DBDs ( 24 , 63 , 64 ). In some cases, 
the DBD is e v en dispensab le for target search ( 24 , 65 ). For 
Gal4, the central region (CR) and C-terminal AD enhance 
localization of the DBD to an in vivo reporter array ( 66 ). 
Both these regions have been predicted and shown to con- 
tain disordered regions ( 15 , 67 , 68 ) (Supplementary Figure 
S5A). Since IDRs hav e pre viously been linked to cluster for- 
mation and target search ( 13 , 24 , 25 ), we wondered how the 
CR and AD of Gal4 contribute to cluster formation and 

localization. 
To address this, we constructed three truncation mutants: 

I) Gal4 � miniAD, lacking the last 40 amino acids of the AD 
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Figur e 3. DN A binding is not essential for Gal4 clustering but is essential for cluster localiza tion. ( A ) Schema tic r epr esentation of the GAL genes with 
multiple UAS sites (orange) in WT (top, green box) and in a mutant with scrambled U AS sites (scrU AS; bottom, cyan box) such that only a single UAS 
site remains present in the promoter of each GAL gene ( scrUAS 5 ′ GAL2 + scrUAS 5 ′ GAL7 + 3x scrUAS 5 ′ GAL10 , bottom, cyan box). ( B ) Representati v e 
images of Gal4-EGFP clusters in WT (green) and scrUAS (cyan) yeast cells in induced (galactose and raffinose) conditions. Images are a single z -slice of a 
r epr esentati v e group of cells. Scalebar: 3 �m. (C–F) Quantification of Gal4-EGFP clusters in WT (green, 173 cells) and scrUAS (orange, 163 cells) in induced 
(galactose and raffinose) conditions. ( C ) Distribution of number of clusters observed per cell. Error bars indicate SEM based on 1000 bootstrap repeats. 
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determined by Mann–Whitney U test; n.s.: not significant; * P < 0.05, ** P < 0.01. ( G ) Representati v e images of WT (Gal4-EGFP; green) and Gal4 � DBD 
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517 cells) clusters in induced conditions. Significance determined by Mann–Whitney U test; n.s.: not significant; ** P < 0.01. ( L ) Schematic r epr esentation 
of the GAL locus with DNA label (magenta) and clusters of either WT (Gal4-EGFP) or Gal4 � DBD (Gal4 � DBD-EGFP). ( M ) Representati v e images 
of dual-color fluorescence imaging to determine the colocalization between clusters (green) of either WT (green outline) or Gal4 � DBD (blue outline) 
and the GAL locus (magenta) in induced conditions. Images are a single z -slice of a r epr esentati v e group of cells. Scalebar: 3 �m. ( N ) Distribution of 3D 

nearest neighbor distances (NND) between the GAL DNA label and the closest cluster of WT Gal4 (green, 200 cells) and Gal4 � DBD (blue, 211 cells). 
Shaded regions represent SEM based on 1000 bootstrap repeats. Vertical dashed line indicates 400 nm threshold used to discriminate between overlapping 
and non-overlapping clusters. Inset shows fraction of GAL loci with an overlapping cluster. Error bars r epr esent SEM based on 1000 bootstrap repeats. 
Significance determined by Fisher’s exact test; ** P < 0.01. 
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(Supplementary Figure S5A); II) Gal4 � AD, lacking the en- 
tir e disorder ed AD; and III) Gal4-DBD-only, lacking the 
CR and the AD, and thus consisting only of the DBD and 

dimerization domain. All Gal4 truncation mutants showed 

higher Gal4 protein le v els compared to WT Gal4 (Supple- 
mentary Figure S4B, C), and were unable to grow on galac- 
tose (Supplementary Figure S4A). The Gal4 � miniAD and 

Gal4 � AD showed similar or slightly fewer clusters of sim- 
ilar size and density compared to WT (Figure 4 A–J), indi- 
ca ting tha t inter actions between the AD and the tr anscrip- 
tional machinery do not have a major effect on clustering. 
Unexpectedl y, the Gal4-DBD-onl y still formed clusters, de- 
spite lacking most, if not all, of the IDRs (Figure 4 K). How- 
e v er, clusters were se v erely reduced in number and total in- 
tensity compared to WT Gal4 (Figure 4 L–O). These re- 
maining clusters cannot be explained as binding of multiple 
Gal4-DBD-only dimers to adjacent UASs, since these Gal4- 
DBD-only clusters still persisted when all adjacent UASs 
were scrambled (Supplementary Figure S5B-E). Together, 
these truncation experiments demonstrate that Gal4 clus- 
tering is mediated by multiple protein domains and that 
IDRs contribute to, but are not essential for Gal4 cluster- 
ing. 

The large reduction of clustering in the Gal4-DBD-only 

mutant suggests that the CR and AD contribute to self- 
interactions that enable cluster formation. We next asked 

whether these CR and AD-mediated self-interactions con- 
tribute to localization of clusters to target genes. To test this, 
we measured the overlap of the Gal4-DBD-only clusters 
with the endogenous GAL gene locus and found 29 ± 3% 

overlap (Figure 4 P–R). Importantly, in the Gal4-DBD-only 

mutant many cells did not contain any clusters (Figure 4 L, 
Supplementary Figure S5F), reducing the number of cells 
with a Gal4-DBD-only cluster at the GAL locus compared 

to WT (Figure 4 R). The IDRs in the CR and AD thus con- 
tribute to the Gal4 cluster formation and localization at a 

target locus, in agreement with previous observations at ar- 
tificial arrays ( 66 ). 

Gal4 self-interactions are sufficient to recruit Gal4 to target 
genes 

Our mutant analysis indica ted tha t although the CR and 

ADs of Gal4 facilitate Gal4 clustering (Figure 4 ), proper 
localization to the GAL locus r equir es a functional DBD 

(Figure 3 ). These findings suggested that the DBD may 

anchor Gal4 at the correct sites, and that CR- and AD- 
media ted self-interactions facilita te recruitment of addi- 
tional Gal4 molecules and cluster formation. To test this 
model, we assessed whether the Gal4 � DBD mutant could 

be recruited to the GAL locus through clustering with Gal4 

molecules that do contain a DBD. This experiment was per- 
formed in a diploid yeast strain where one allele expressed 

Gal4 � DBD-EGFP and the other allele contained either a 

GAL4- deletion ( gal4 � ), full length WT Gal4 or Gal4 � AD 

(containing the DBD and CR) (Figure 5 A). As expected, 
in absence of an additional Gal4 copy, the Gal4 � DBD 

clusters did not localize at the GAL locus (Figure 5 A, B, 
top panel), and only 7 ± 2% of GAL DNA labels over- 
lapped with a Gal4 � DBD cluster (Figure 5 B), which is 
the same as the overlap in haploid cells (7 ± 2%, Figure 

3 K). Howe v er, upon additional e xpression of WT Gal4, the 
Gal4 � DBD-EGFP clusters showed a clear peak of enrich- 
ment at the GAL locus, and a significantly increased over- 
lap with the GAL locus from 7 ± 2% to 13 ± 2% (Figure 
5 B , C , top panel). Expression of the Gal4 � AD mutant also 

showed the same trend of increasing the localization of the 
Gal4 � DBD-EGFP clusters to the GAL locus (10 ± 2%) 
(Figure 5 B, C, bottom panel). This increase in overlap was 
independent of the chosen threshold to determine the over- 
lap (Supplementary Figure S6A). In addition, analysis of 
the overlap in 2D instead of 3D re v ealed e v en clearer peaks 
of enrichment of Gal4 clusters close to the GAL genes in 

the presence of the Gal4 � AD or Gal4 WT, but not when 

the second allele was deleted (Supplementary Figure S6B). 
These results indica te tha t the Gal4 � DBD mutant can be 
recruited to its target genes via pr otein-pr otein interactions 
with DBD-containing Gal4. 

To independently validate these findings, we labeled the 
GAL10 RNA with 14 repeats of PP7 hairpins to visualize 
the GAL10 transcription site (TS). When the PP7 hairpin 

sequences at the 5 

′ of GAL10 are transcribed, the nascent 
RN A is specificall y bound by the PP7 coat protein, fused to 

a fluorescent protein ( 69 , 70 ). The GAL10 TS is visible in the 
microscopy images as a bright nuclear spot. To measure re- 
cruitment of Gal4 to the acti v e TS, we e xpressed either WT 

Gal4-EGFP or Gal4 � DBD-EGFP from one allele and ad- 
ditional unlabeled Gal4 from a second allele to ensure tran- 
scriptional activity (Supplementary Figure S6C). For WT 

Gal4, around 75 ± 4% of GAL10 TSs overlapped with a 

Gal4 cluster (Supplementary Figure S6D). This overlap is 
higher than the overlap with the GAL DNA label (60 ± 4%), 
which could hint at enrichment of colocalized Gal4 clus- 
ters when GAL10 is acti v e. Gal4 clusters that overlapped 

with the GAL10 TS had a higher total intensity than Gal4 

clusters that did not overlap (Supplementary Figure S6F), 
in agreement with our findings using the GAL DNA la- 
bel (Supplementary Figure S2H). For Gal4 � DBD-EGFP, 
a clear peak of close-proximity clusters was observed in the 
NND distribution, and a pproximatel y 42 ± 4% of GAL10 

TSs overlapped with a Gal4 � DBD-EGFP cluster (Supple- 
mentary Figure S6D). These results are in line with our 
model that additional non-DNA-bound Gal4 molecules are 
recruited to target loci via pr otein-pr otein interactions, and 

that this recruitment is dependent on the Gal4 CR and / or 
AD. Transient self-interactions underlying Gal4 clusters are 
thus able to recruit Gal4 to its target genes. 

Colocalization of an active gene with a Gal4 cluster does not 
change transcriptional output 

We next sought to understand how Gal4 clustering affects 
transcription activation. To link Gal4 clustering to the tran- 
scriptional output of its target genes, we used the PP7- 
GAL10 RNA labeled strain to quantify transcription of the 
endogenous GAL10 gene in living cells. In the microscopy 

images, the intensity of the TS is a measure for the number 
of nascent RNAs. To understand whether the colocalization 

of Gal4 is correlated to transcription le v els, we compared 

the intensity of the GAL10 TS in cells with and without an 

overlapping Gal4 cluster. This analysis showed that GAL10 

TSs that overlapped with a Gal4 cluster had the same inten- 
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Figure 4. IDRs are not essential for Gal4 clustering b ut contrib ute to target search. ( A ) Top: Schematic representation of Gal4 � miniAD (Gal4( � 840– 
881)-EGFP). Bottom: Representati v e image of Gal4 � miniAD clusters in yeast cells in induced (galactose and raffinose) conditions. Image is a single 
z -slice of a r epr esentati v e group of cells. (B–E) Quantification of WT Gal4 (Gal4-EGFP; green, 175 cells) and Gal4 � miniAD (pink, 175 cells) clusters in 
induced conditions. ( B ) Distribution of number of clusters observed per cell. Error bars indicate SEM based on 1000 bootstrap repeats. (C–E) Distribution 
of ( C ) cluster σ , ( D ) density and E. total intensity. Circles show data for individual clusters and box plots show the distribution of the data, with box 
edges indicating first and third quartiles, center line indicating the median and whiskers indicating the 1.5 × interquartile range. Significance determined by 
Mann–Whitney U test; n.s.: not significant. ( F ) Top: Schematic r epr esentation of Gal4 � AD (Gal4( � 768–881)-EGFP). Bottom: Representati v e image of 
Gal4 � AD clusters in yeast cells in induced conditions. Image is a single z -slice of a r epr esentati v e group of cells. ( G–J ) Same as (B–E ) for WT Gal4 (green, 
313 cells) and Gal4 � AD (magenta, 270 cells) clusters in induced conditions. Significance determined by Mann–Whitney U test; n.s.: not significant; 
* P < 0.05; ** P < 0.01. ( K ) Top: Schematic r epr esentation of Gal4-DBD-only (Gal4( � 95–881)-EGFP). Bottom: Representati v e image of Gal4-DBD- 
only clusters in yeast cells in induced conditions. Image is a single z -slice of a r epr esentati v e group of cells. ( L–O ) Same as (B–E) for WT Gal4 (green, 
175 cells) and Gal4-DBD-only (purple, 193 cells) clusters in induced conditions. Significance determined by Mann–Whitney U test; n.s.: not significant; 
** P < 0.01. ( P ) Schematic r epr esentation of the GAL locus with DNA label (magenta) and clusters of either WT Gal4 (green) or Gal4-DBD-only (purple). 
( Q ) Representati v e images of dual-color fluorescence imaging to determine the colocalization between clusters (green) of either WT Gal4 (green outline) 
or Gal4-DBD-only (purple outline) and the GAL DNA label (magenta) in induced conditions. Images are a single z -slice of a r epr esentati v e group of 
cells. Scalebar: 3 �m. ( R ) Distribution of 3D nearest neighbor distances (NND) between the GAL DNA label and the closest cluster of WT Gal4 (green, 
200 cells) and Gal4-DBD-only (purple, 276 cells). Shaded regions represent SEM based on 1000 bootstrap repeats. Vertical dashed line indicates 400 nm 

threshold used to discriminate between overlapping and non-overlapping clusters. Inset shows fraction of DNA label-containing cells with an overlapping 
cluster. Error bars r epr esent SEM based on 1000 bootstrap repeats. Significance determined by Fisher’s exact test; ** P < 0.01. 
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sentati v e images of dual-color fluorescence imaging to determine the colocalization between Gal4 � DBD-EGFP clusters (green) and the GAL DNA label 
(magenta) in the same yeast strains as (A) Cells were grown in uninduced conditions (raffinose) and imaged after 30 min of induction (galactose and raffi- 
nose). Images are a single z -slice of a representati v e group of cells. Scalebar: 3 �m. ( C ) Top: Distribution of 3D nearest neighbor distances (NND) between 
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and non-overlapping clusters. Inset shows fraction of DNA-label containing cells with an overlapping cluster. Error bars r epr esent SEM based on 1000 
bootstrap repeats. Significance determined by Fisher’s exact test; n.s.: not significant; * P < 0.05. 

sity as non-overlapping TSs (Supplementary Figure S6E). 
The presence of a Gal4 cluster at a target gene is thus un- 
correlated with the transcription le v el of the target gene. 

Gal4 self-inter actions ar e insufficient to activ ate tr anscription 

The finding that Gal4 clustering does not correlate with the 
transcriptional activity of a target gene (Figures 1 , 2 , Sup- 
plementary Figure S6E) suggests that the Gal4 molecules 
in a cluster may not contribute to transcription activation. 
To test this further, we made use of the Gal4 � AD and 

Gal4 � DBD mutants that individually are unable to acti- 
vate transcription as shown by their inability to grow on 

galactose-containing plates (Figure 6 A). It is well-known 

that, when brought in close proximity, the Gal4 DBD and 

AD can function as transcriptional acti vator, e v en when 

they are part of different fusion proteins. This mechanism 

has been exploited in the classical Yeast-Two-Hybrid sys- 
tem to detect pr otein-pr otein interactions ( 71 ). Our exper- 
iments showed that the Gal4 � AD is able to recruit the 
Gal4 � DBD to the Gal4 locus (Figure 5 ). We reasoned that 
if clustered Gal4 � DBD molecules contribute to transcrip- 
tion activation, transient interactions between the DBD 

of the Gal4 � AD mutant and the AD of the Gal4 � DBD 

mutant within a cluster should rescue their transcrip- 
tional inacti vity. Howe v er, coe xpression of Gal4 � AD and 

Gal4 � DBD in a diploid y east str ain neither rescued the 

ability to activate the GAL gene pathway, as evidenced 

by their inability to grow on galactose-containing plates 
(Figure 6 A), nor activated transcription of individual GAL 

genes (Supplementary Figure S6G). Despite being localized 

at the GAL genes, the AD of the Gal4 � DBD mutant was 
unab le to acti vate transcription (Figure 6 B), suggesting that 
tr ansient self-inter actions are insufficient to activate gene 
expr ession. Mor eover, the lack of rescue suggests that non- 
DNA-bound molecules in a cluster do not activate tran- 
scription. 

Gal4 self-interactions at target genes can inhibit transcription 

To further dissect the function of clustered non-DNA- 
bound Gal4 molecules in gene activation, we asked if 
clustered TF molecules that cannot bind DNA can en- 
hance transcription activation in the presence of WT Gal4. 
We compared GAL10 transcription between three diploid 

strains, all expressing WT Gal4 to activate transcription, 
and on the other allele either GAL4 , gal4 Δ or GAL4 ΔDBD 

(Figure 6 C). To quantify transcriptional activity, GAL10 

transcription was measured in li v e cells by PP7- GAL10 

imaging directly upon galactose addition. Compared to the 
cells with two GAL4 gene copies ( GAL4 / GAL4 ), cells with 

one GAL4 gene copy ( GAL4 / gal4 Δ) had a slightly lower ac- 
ti v e fraction and took a longer time to activate GAL10 af- 
ter induction with galactose. Additionally, transcriptional 
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Figure 6. Gal4 self-interactions are insufficient to activate GAL gene transcription. ( A ) Growth assay of indicated Gal4-EGFP mutants to assess their 
galactose meta bolism capa bility. Shown are 5-fold serial dilutions on YEP + 2% glucose (dilution control), YEP + 2% galactose + 20 �g / ml ethidium 

br omide (gr owth = functional galactose metabolism) and YEP + 2% raffinose + 2% galactose + 40 mM lithium chloride + 0.003% methionine (no 
growth = functional galactose metabolism). ( B ) Schematic r epr esentation of impair ed GAL gene transcription in a diploid y east str ain expressing Gal4 � AD 

from one allele and Gal4 � DBD from the other allele ( GAL4( Δ768–881)-EGFP / BPSV40-GAL4( Δ1–94)-EGFP ). ( C ) Schematic r epr esentation of the 
transcribed PP7 - GAL10 gene in diploid yeast strains expressing WT Gal4 from one allele and on the other allele expressing either WT Gal4 ( GAL4 / GAL4, 
green), no Gal4 ( GAL4 / gal4 Δ, light green) or Gal4 � DBD ( GAL4 / GAL4 ΔDBD , orange ) . Nascent GAL10 transcripts are fluorescently labeled by binding 
of the PP7-coat protein-ymScarletI to the PP7-stem loops (magenta). (D–H) Quantification of PP7-GAL10 transcription in yeast strains described in (C) 
with a total of 783, 889 and 350 cells, respecti v ely. Cells were grown in uninduced conditions (raffinose) and imaged during 1 h of induction with galactose. 
( D ) Fraction of cells that activate PP7 - GAL10 transcription within 1 h after induction. Error bars are propaga ted sta tistical errors in the number of acti v e 
and inacti v e cells. Significance determined by Fisher’s exact test; n.s.: not significant; ** P < 0.01. ( E ) Distributions of induction times of PP7 - GAL10 
transcription. Black horizontal line: average as determined by 1000 bootstrap repeats. ( F ) Average time between consecuti v e bursts and ( G ) average burst 
duration of PP7 - GAL10 transcription, in which average and errors are determined by 1000 bootstrap repeats. ( H ) Distribution of burst intensities of PP7 - 
GAL10 transcription. Black dashed lines show each quartile of the distribution. For ( F–H ), only cells with acti v e PP7-GAL10 transcription were included 
(673, 669 and 265 cells, respecti v ely). Significance is determined by bootstrap hypothesis testing ( 45 ); n.s.: not significant; * P < 0.05; ** P < 0.01. 

bursts were shorter and time between consecuti v e bursts 
was longer (Figure 6 D–H, Supplementary Figure S6H-J). 
If clustering of non-DNA-bound Gal4 molecules at a target 
site contributes to target gene transcription, nascent GAL10 

transcription in cells expressing Gal4 � DBD on the sec- 
ond allele ( GAL4 / GAL4 ΔDBD) should be increased com- 
pared to cells with only one Gal4 copy ( GAL4 / gal4 Δ). 
Howe v er, li v e-cell imaging re v ealed that the presence of 
the Gal4 � DBD mutant decreased the transcriptional out- 
put of GAL10 e v en further, as we observed even shorter 
transcriptional bursts and e v en longer time between con- 
secuti v e bursts, as well as a decrease in the burst intensity 

(Figure 6 D–H, Supplementary Figure S6H–J). Therefore, 
we conclude that although the Gal4 � DBD molecules can 

be recruited to a target site through self-interactions with 

WT Gal4 (Figure 5 ), these molecules do not contribute to 

transcription acti vation, and e v en inhibit gene transcrip- 

tion (Figure 6 ). Overall, our results indicate that the self- 
interactions that mediate TF clustering facilitate TF local- 
ization to target genes, but may also negati v ely influence 
transcription by inhibiting gene activation. 

DISCUSSION 

In this manuscript we used quantitati v e imaging in living 

cells to understand how clustering of the paradigm TF Gal4 

is regulated and how it influences transcription factor func- 
tion. We found that Gal4 cluster abundance, size and den- 
sity ar e r egula ted in dif ferent gr owth conditions thr ough at 
least two mechanisms: I) Glucose-r epr ession of Gal4 ex- 
pression le v els decreased cluster abundance and size, and 

II) Gal80-mediated Gal4 inhibition decreased Gal4 clus- 
ter abundance, size and density. In contrast, Gal4 cluster- 
ing is largely unaffected by the well-established interactions 
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with the Mediator complex through the subunit Med15. 
Moreover, DNA binding enhances cluster formation, and 

enables clusters to become denser and smaller, especially at 
the multiple Gal4 UASs of the GAL1-GAL10-GAL7 locus. 
Gal4 clustering is also facilitated by, but not completely de- 
pendent on the CR and AD, which contain se v eral IDRs. 
Through combinations of various truncation mutants, we 
showed that clusters consist of DNA-bound Gal4 molecules 
as well as non-DNA bound Gal4 molecules that are likely 

recruited to target genes thr ough pr otein-pr otein interac- 
tions of the CR and ADs. Howe v er, once at the target site, 
these non-DNA bound TF molecules do not contribute to 

gene activation, and may in fact inhibit gene transcription. 

Gal4 cluster formation 

TF clusters hav e pre viously been described to be dri v en 

by both homotypic and heterotypic interactions ( 72 ). For 
Gal4, se v eral findings suggest that clusters are formed 

mostly by homotypic rather than heterotypic interactions: 
I) Clustering was not reduced by loss of interactions with 

Med15. II) Although Med15 is only one of the heterotypic 
interaction partners, removal of the miniAD presumably re- 
sults in loss of most heterotypic interactions with the tran- 
scriptional machinery ( 73 ), but yielded similar clustering as 
WT. III) Gal4 without a DBD can be recruited to the GAL 

locus by WT Gal4 or Gal4 without an AD. To show the 
contribution of homotypic self-interactions or heterotypic 
interactions of TFs with other factors, previous studies have 
used in vitro analysis with purified proteins ( 4 , 11 , 16 ). Gal4, 
howe v er, has been notoriously difficult to purify as a full- 
length protein, pre v enting us from performing such in vitro 

e xperiments ( 74 ). Regar dless, our imaging tools create the 
possibility to test in the future how Gal4 clustering is regu- 
lated by other Gal4 interactors in vivo , such as SAGA, TBP 

or TFIIB ( 73 , 75 , 76 ). Moreover, it will be interesting to ex- 
plore whether such factors co-cluster with Gal4 near tar- 
get genes, as was observed for Hsf1 condensates ( 29 ). Al- 
though the role of heterotypic interactions in Gal4 cluster- 
ing remains unclear, our data suggests that homotypic self- 
interactions are an important contributor to Gal4 cluster- 
ing. 

Previously, homo- and heterotypic multivalent interac- 
tions have been linked to the formation of liquid-liquid 

phase separated condensates ( 4 , 72 ). The concentration- 
gradient experiment shows that increasing the Gal4 con- 
centration increases the cluster abundance and size, but has 
minor effects on the cluster density (Figure 2 ). These re- 
sults are consistent with the simplest liquid-liquid phase 
separation model, which postulates that at higher concen- 
trations, mor e clusters ar e formed and that clusters merge 
into larger clusters with the same density inside the clus- 
ter ( 77 , 78 ). In this model, the nucleoplasmic Gal4 concen- 
tration is also expected to be stable, but the high number 
of clusters pre v ented us from measuring this background 

concentration reliably. Thus, although our concentration- 
gradient is consistent with this model, further tests would be 
r equir ed to understand the role of liquid-liquid phase sep- 
aration in Gal4 cluster formation. In addition, the physical 
nature is of Gal4 clusters remains unclear, i.e. whether they 

r epr esent liquid droplets, gels or other forms of biomolec- 

ular condensates ( 72 ). Current imaging settings using high 

excitation powers quickly resulted in bleaching, precluding 

us from studying Gal4 clusters for prolonged times. Future 
improvements of fluorescent proteins and microscopy sys- 
tems may allow for longer imaging to determine the dynam- 
ics and nature of Gal4 clusters. 

Gal4 cluster regulation by Gal80 

In inacti v e conditions, Gal4 clustering is limited by its in- 
hibitor Gal80. Gal80 binds to the Gal4 AD, resulting in 

a structured conformation of the AD and masking it for 
inter actions with tr anscription cofactors such as Mediator 
( 79 , 80 ). Loss of Med15 did not majorly affect Gal4 cluster- 
ing, indica ting tha t the inhibitory effect of Gal80 on cluster- 
ing is likely mediated by pre v enting homotypic interactions 
rather than by pre v enting Mediator interactions. Gal80 pre- 
vents these homotypic interactions likely by shielding a 

larger region than the AD, as Gal4 clusters also formed ef- 
ficiently in the Gal4 � AD mutant. 

A previous study showed that Gal80 also localizes in nu- 
clear clusters that dissociate upon galactose addition ( 81 ). 
Self-association of Gal80 was proposed to be r equir ed for 
Gal4 r epr ession by Gal80, explaining w hy genes with m ulti- 
ple Gal4 UASs may be more efficiently r epr essed than genes 
with a single Gal4 UAS ( 82 ). The corollary of this model 
is that the inhibitory capacity of Gal80 may be enhanced 

by Gal4 clustering, but that Gal80 sim ultaneousl y inhibits 
Gal4 clustering, thereby limiting its own inhibitory capac- 
ity. Conversely, if Gal80 and Gal4 oligomerization enhances 
their function, perhaps the formation of clusters is merely a 

consequence of this function. 

Role of DNA binding and IDRs in Gal4 clustering 

Clustering is often suggested to be related to IDR-mediated 

pr otein-pr otein interactions ( 4 , 12 , 17 ). Howe v er, the e xact 
role of different TF domains remains unclear and may differ 
per TF. For example, for the pioneer factor Sox2 clustering 

depends on the DNA binding domain but not the activa- 
tion domain ( 18 ), suggesting that clustering is the result of 
the spatial proximity of multiple TF binding sites. On the 
other hand, clustering of the Oct4 TF depends on the IDRs 
in the ADs ( 4 ). Here, we find that for Gal4, clustering de- 
pends both on DNA binding and the IDRs. 

When the Gal4 DBD is deleted or mutated, clusters are 
still observed, although they are much less abundant and 

less dense (Figure 3 ). These effects on cluster abundance 
are larger compared to the UASscr mutant, indicating that 
DNA binding at single sites considerably contributes to 

cluster formation. Howe v er, the presence of multiple Gal4 

UASs in individual promoters increases the cluster density. 
DNA binding ma y f orm a scaff old that lowers the propen- 
sity for cluster formation, which may be enhanced if mul- 
tiple UASs are placed adjacently, similar to enhancers in 

mammalian cells ( 17 , 83 ). In addition, Gal4 cluster proper- 
ties may be affected by the position of the GAL genes in the 
nucleus, as these genes are known to move to the nuclear 
periphery in induced conditions ( 84 ). 

Besides DNA binding, Gal4 clustering is also facilitated 

by the IDRs in the CR and AD. Removal of all predicted 
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IDRs, leaving only the structured DBD and dimerization 

domain of Gal4 (Gal4-DBD-only), resulted in a large de- 
crease in cluster density and abundance (Figure 4 ). How- 
e v er, some clusters are still observed upon IDR loss, sug- 
gesting that the structured DBD and / or dimerization do- 
main contribute to clustering. In accordance, clustering of 
IDRs was reported to be dri v en by their multivalency rather 
than by their disorderedness ( 85 ) and such multivalency 

may also be present in structured domains. Gi v en that the 
dimerization domain is capable of interacting with a specific 
Med15 mutant (Gal11p) ( 58 ), we speculate that the dimer- 
ization domain may be able to form homotypic and het- 
erotypic interactions that promote clustering. Along these 
same lines, besides the predicted IDRs, the CR also contains 
a predicted structured region (Supplementary Figure S5A) 
which may contribute to the clustering potential of the CR. 
We conclude that both DNA binding and IDRs contribute 
to Gal4 clustering. 

Self-interactions facilitate target search 

In eukaryotic cells, TFs face a major challenge in finding 

their targets in millions of non-specific sequences. Our re- 
sults indica te tha t self-interactions may facilita te this target 
search, in line with previous findings for several yeast and 

mammalian transcriptional regulators ( 24–28 ). Although 

localization of Gal4 clusters is dependent on the sequence- 
specific Gal4 DBD, self-interactions between regions out- 
side the DBD promote the formation and localization of 
Gal4 clusters to the GAL locus. We envision that once 
Gal4 molecules are bound to the DNA, their exposed 

IDRs allow for interaction with additional unbound Gal4 

molecules, ther eby cr eating a larger effecti v e target size. 
Such a mechanism may ensure that the DBD of each Gal4 

molecule does not need to probe all DNA sequences to 

find its binding site, and reduces the search space to areas 
where other Gal4 molecules have already found their target 
( 13 , 86 ). 

In this model, clustering also crea tes coopera tivity, as 
binding of subsequent molecules is enhanced after the first 
one is bound. It has been observed that Gal4 binds to the 
four binding sites in the GAL1-10 promoter in a coop- 
erati v e manner ( 87 ), and that this cooperativity depends 
on the Gal4 central region ( 88 ). Our observa tion tha t the 
central region is important for clustering (Figure 4 ) sug- 
gests that cooperativity and clustering are indeed corre- 
la ted. Coopera ti v e binding through clustering has also been 

proposed to be important for mammalian super-enhancers 
that contain many TF binding sites ( 22 ). For Gal4, four 
target genes contain multiple binding sites, which include 
the genes encoding galactose-metabolic enzymes ( 56 ). At 
these genes, cooperati v e binding from clustering may en- 
able fast transcriptional response upon exposure to galac- 
tose and may ensure high Gal4 promoter occupancy and 

high target gene e xpression. Conv ersely, se v eral other Gal4 

target promoters only contain one UAS and it remains to 

be established whether clustering and self-interactions are 
beneficial for target search for these genes. Since a cluster 
located near a promoter locally increases the concentra- 
tion of Gal4 molecules, we can imagine that, once a Gal4 

molecule is released from the DNA, quick rebinding of an- 

other Gal4 from the nearby cluster to the DNA may in- 
crease the overall time that the promoter is occupied. In ad- 
dition, self-interactions between the cluster and the bound 

Gal4 molecules could increase the dwell time of the bound 

molecule ( 12 , 21 ). It will be interesting in the future to ex- 
amine how self-interactions and clustering influence Gal4 

binding kinetics at different genes and at the single-molecule 
le v el. 

Clustered Gal4 molecules do not activate transcription 

Although Gal4 clusters overlap with transcriptionally ac- 
ti v e loci, GAL gene transcription is not supported by ad- 
ditional non-DNA-bound Gal4 molecules in the cluster. 
In a yeast-tw o-hybrid-lik e setup, DNA-bound Gal4 � AD 

without an AD that recruited a Gal4 � DBD without a 

DBD to the target gene could not activate transcription 

(Figure 6 ). We speculate that the classical yeast-two-hybrid 

setup to detect pr otein-pr otein interaction only detects 
stable lock-and-key interactions and not ‘fuzzy’ interac- 
tions such as those facilitated by TF clustering. More- 
over, the presence of extra non-DN A-bound m utant Gal4 

molecules at the target gene inhibited rather than en- 
hanced transcription activation. Based on these findings, 
we conclude Gal4 needs to be DNA-bound to activate 
transcription. 

Our experiments with truncation mutants allowed us to 

establish that non-DNA bound molecules do not contribute 
to gene activation. We observe that these non-DNA bound 

molecules may inhibit transcription, but this could be due 
to a dominant-negati v e effect of the Gal4 � DBD mutant. In 

these experiments, the concentration of DBDs within clus- 
ters is reduced, which may lower the on-rate compared to 

WT. Since such truncated proteins are not present in WT 

cells, we cannot directly test whether these results apply to 

WT clusters. Howe v er, gi v en that transcription inhibition 

from clustering has been observ ed pre viously ( 33 , 34 ), it is 
concei vab le that Gal4 clustering also inhibits gene expres- 
sion in a WT context. 

In this latter case, we speculate that the observed tran- 
scription inhibition inside clusters occurs through a titra- 
tion mechanism called squelching ( 89 ). Gal4 ov ere xpression 

has been described to inhibit transcription by titrating the 
transcriptional machinery ( 89 ). The high Gal4 concentra- 
tion inside the cluster may cause competition between non- 
DNA-bound Gal4 with DNA-bound Gal4 for interactions 
with cofactors and the preinitiation complex. A similar 
transcription inhibition has recently been observed for the 
FUS-EWS fusion, wher e additional expr ession of the EWS 

domain decreased the ability of the endogenous FUS-EWS 

fusion to acti v e transcription ( 33 ). Here, additional non- 
DNA-bound EWS may squelch DNA bound FUS-EWS. 
In addition, our model is in line with the recent finding 

that chemically-induced clustering caused a negati v e cor- 
relation between cluster intensity and transcriptional out- 
put ( 32 ). These findings suggests that self-interactions that 
cause clustering may compete with, rather than facilitate, re- 
cruitment of the transcriptional machinery. Future research 

is r equir ed to test whether squelching occurs inside clusters 
and to re v eal which factors of the transcriptional machinery 

are titrated. 
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Clustering acts as a double-edged sw or d 

Transcription factors need to perform two major steps dur- 
ing transcription activation: binding to their target genes 
and activating transcription by recruiting the transcrip- 
tional machinery ( 1 ). Our results show that Gal4 cluster- 
ing enables DNA binding but inhibits transcription activa- 
tion. This finding suggests that cells need to balance these 
positi v e and negati v e aspects of clustering for proper gene 
expression. Depending on the propensity to engage in ho- 
motypic and heterotypic interactions, this balance may shift 
for different transcription factors. Interestingl y, m utagene- 
sis of the central AD of the yeast TF Gcn4 has re v ealed se v- 
eral muta tions tha t incr ease cofactor r ecruitment and tran- 
scriptional activity ( 90 ), raising the question why increased 

heterotypic interactions are selected against in evolution. It 
has been suggested that weak ADs pre v ent squelching or 
allow for inducibility ( 90 , 91 ). It will be interesting to test if 
synthetic AD motifs with increased heterotypic interactions 
will come at the cost of homotypic interactions and target 
search. Such a balance may perhaps also clarify why clus- 
tering and liquid-liquid phase separation may be beneficial 
in certain systems and inhibitory in others. Our quantitati v e 
imaging approach will open up new avenues to explore this 
balance for other TFs in the future. 

DA T A A V AILABILITY 

Software for analysis and plotting of clustering microscopy 

data is available at Zenodo (10.5281 / zenodo.7650154 

with dependencies from 10.5281 / zenodo.7650168 and 

10.5281 / zenodo.7650172). Software for analysis of tran- 
scription dynamics microscopy data is available at Zenodo 

(10.5281 / zenodo.7660780). The results of spot and bead fit- 
ting, disorder predictions, growth assays, over lap fr action 

vs threshold, RT-qPCR, transcription dynamics and west- 
ern blots as well as example images from clustering mi- 
croscopy data and growth assays are available from Zen- 
odo (10.5281 / zenodo.7701752). All microscopy images are 
available from the corresponding author upon reasonable 
request. 
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Supplementary Data are available at NAR Online. 
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