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1. Phase Separation 

Compartmentalization of biological reactions within the cellular environment is a crucial 

way in which organisms survive and adapt throughout their lifecycles. By sequestering certain 

molecules into distinct organelles, living cells are able to regulate diverse processes in time and 

space. Conventional cell biology establishes that canonical organelles such as the nucleus or 

endoplasmic reticulum are bound by a physical lipid membrane, and that this barrier keeps 

components separate from those in the surrounding cytoplasm. However, recent advances in our 

understanding of the inner workings of cells has revealed that membraneless organelles also exist 

that can concentrate proteins, nucleic acids, and other macromolecules into discrete 

compartments without a surrounding membrane. Many of these assemblies rapidly exchange 

components with their environment, and can display liquid-like features including droplet-

droplet fusion events and a spherical appearance, akin to oil droplets in a salad vinaigrette1,2. Due 

to their dynamic nature and liquid properties, it has been hypothesized that membraneless 

organelles form via a process known as liquid-liquid phase separation (LLPS)1,2.  

Phase separation refers to the physical de-mixing of a super-saturated solution into a 

dense phase and a more dilute phase which then stably coexist with one another3. The concept of 

phase separation is well studied in chemistry through the use of thermodynamic models, 

including Flory-Huggins theory4. When a polymer is mixed with a solvent, LLPS occurs once a 

critical concentration or temperature threshold is reached, causing the polymer to become a 

better solvent for itself than for the surrounding buffer4,5. It is important to note that 

membraneless organelles and analogous phase-separated protein assemblies, also referred to as 

biomolecular condensates, encompass a spectrum of material phases from more liquid-like 

assemblies to semi-solid gels to fibrillar aggregates or amyloids that are often associated with 
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neurological pathologies (Fig. 1)3,6,7. The material states of condensates dictate their function 

within the cell, and mutations that alter protein dynamics are now implicated in diseases ranging 

from amyotrophic lateral sclerosis (ALS) to various types of cancer3,7-11.  

 

2. Multivalency and Intrinsic Disorder as Drivers of Phase Separation 

At the molecular level, both genetic and proteomic studies have explored the driving 

forces behind the phase separation of biomolecular condensates3,4,12. One key feature enabling 

the formation of membraneless organelles is multivalency of protein-protein and/or protein-

nucleic acid interactions. Multivalency refers to multiple molecular interactions occurring 

between two molecules and can involve repetitive arrays of folded protein domains or low 

complexity regions within proteins4. Folded domains may be connected by flexible “linker” 

sequences to generate linear multivalent motifs, while low complexity, intrinsically disordered 

regions (IDRs) can behave as scaffolds for different short linear motifs (SLiMs)3. Proteins 

containing IDRs, or those that are entirely disordered and termed intrinsically disordered proteins 

(IDPs), have become particularly ubiquitous in phase separation studies. While folded domains 

adopt defined secondary and tertiary structures, IDRs are dynamic and exhibit structural 

heterogeneity by continually sampling many different structures within a given cellular 

environment1,3,13. Both a biased amino acid composition and repetitive sequences of amino acids 

are common within subsets of IDRs, leading to their classification as low complexity domains 

(LCDs)3,13.  

A subset of IDRs includes a specific group of LCDs known as prion-like domains 

(PrLDs). Named for their similarity to the amino acid sequences of the first discovered yeast 

prion proteins, PrLDs are often enriched in uncharged polar amino acids and glycine14. Studies 
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focused on PrLD composition revealed that scrambling domain sequences still allowed for 

functionality and thus the amino acid composition, and not the sequence itself, determines prion-

like behaviors15,16. Yeast prion proteins are notable for being able to form aggregates that self-

propagate, which can confer advantageous fitness traits in some instances and pathological traits 

in others16. In humans, PrLDs are commonly found in nucleic acid binding proteins, including 

RNA-binding proteins associated with protein aggregation in neurodegenerative diseases14,16. 

While much attention has been paid to the aggregation properties conferred by PrLDs, there is 

also evidence that these domains serve as important regulators of protein solubility and phase 

separation16,17. In yeast, cellular environments can fluctuate wildly depending on host niches, 

carbon sources, temperature or pH levels. Recent studies demonstrate that PrLDs allow yeast 

proteins to sense and react to sudden changes in their environment by forming condensates via 

phase separation17-19. This may be an evolutionarily tuned response in which LCRs are 

responsible for ensuring proteins do not misfold or form toxic aggregates, and that essential 

cellular processes remain intact even during rapid changes in physiochemical parameters16.  

 

3. Sequence-level Molecular Interactions in Phase Separation 

While multivalency and proteins containing IDRs are important for phase separation and 

the formation of biomolecular condensates, additional studies have begun to dissect the 

molecular processes that drive liquid-liquid demixing. Specifically at the amino acid level, 

investigations of charge patterning and repetitive sequence motifs have revealed how these can 

contribute to phase separation dynamics3,5. Uncharged polar amino acids, charged amino acids, 

and aromatic residues are all enriched in certain IDRs3,5. Rather than showing a random 

distribution, however, these residues are commonly found to form SLiMs that can enable 
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protein-protein interactions. They may also occur as alternating charged groups or evenly spaced 

aromatic “stickers” that are interspersed across areas of uncharged “spacer” residues3,16,20-22. Due 

to the non-random occurrence of specific amino acid patterns within IDRs, multiple molecular 

interactions are postulated to influence phase separation with varying degrees of strength. In the 

case of charged residues, electrostatic interactions as well as cation-pi forces are implicated in 

promoting phase separation1,3,5,21. Oppositely charged residues can exist within a single sequence 

(i.e., both cationic and anionic amino acids), or phase separation may occur involve two different 

proteins (or protein with a nucleic acid) each containing opposite charges23. It is also important 

to note that post-translational modifications (PTMs) can impact amino acid charges, and studies 

have investigated both phosphorylation and acetylation in promoting or inhibiting protein phase 

separation24,25. In the case of aromatic residues, including tyrosine and phenylalanine, pi-pi 

interactions are common, with a uniform patterning of these amino acids seen to increase LLPS 

yet limit aggregation phenotypes3,22,26.  

Hydrophobic and hydrogen bonding interactions also contribute to phase separation3. The 

number, patterning, and specific identity of hydrophobic residues within an IDR are responsible 

for different protein conformations and can also dictate physiochemical properties20. For 

example, hydrophobic amino acids have been shown to drive condensation of IDPs in response 

to changes in temperature27,28. Additionally, they may interact very strongly with the above 

mentioned aromatic amino acids to promote condensate formation23. Outside of IDRs, 

hydrophobic residues promote protein folding, resulting in folded domains and oligomers that 

can further contribute to phase separation23,29. All amino acid groups are able to participate in 

hydrogen bonding, and thus these interactions are thought to occur quite frequently within the 

dense protein droplets typical of LLPS. Molecular simulations at the atomic level have shown 
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how hydrogen bonds promote condensation of protein chains, and hydrogen bonds can form 

secondary structures within protein motifs that then interact with other folded or disordered 

domains23,30. Formation of more transient structures within a given protein sequence can also be 

mediated by hydrogen bonding, including small fibrillar structures that can increase self-

aggregation and condensation31.  

 Much of our current understanding of the molecular grammar influencing protein phase 

separation comes from studies in which certain residues in an IDR or other protein motif are 

mutated, and the resulting construct analyzed for condensate formation. Substitution of key 

aromatic residues, disruption of charge blocks, and shrinking or expanding of low-complexity 

amino acid repeats have all been shown to mediate phase separation phenotypes to varying 

degrees6,28,32,33. These mutational analyses hint at both homotypic and heterotypic protein 

interactions responsible for biomolecular condensate formation, but also give insights into 

protein-nucleic acid interactions within membraneless organelles. Indeed, many membraneless 

organelles contain RNA, and multiple biomolecular condensates concentrate or nucleate around 

specific DNA sequences within the cell3,10. Single-stranded, unfolded nucleic acid species may 

participate in cation-pi or pi-pi interactions through their exposed aromatic nucleotide bases, 

therefore promoting condensate formation when contacting specific protein residues23. 

Recognition of nucleotide bases is also dependent on hydrogen bonds, making these interactions 

another likely driving force for incorporation of DNA and RNA into condensates23.  

For RNA specifically, it is well known that many proteins associated with membraneless 

organelles contain RNA binding or recognition motifs as well as IDRs. Addition of RNA to these 

purified proteins in vitro has been shown to increase droplet formation and phase separation 

propensity within specific concentration ranges34,35. The composition of protein condensates can 
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also be heavily influenced by RNA, where the secondary structure of RNA molecules tunes 

droplet liquidity or gelation34,36,37. Interestingly, RNA has even been shown to phase separate 

without protein in vitro and form gel or mesh-like structures37,38. Under certain environmental 

stimuli, specific RNA transcripts can also change component protein conformations to induce 

binding and phase separation, as exemplified by the stress granule protein G3BP137,39,40. 

Investigations of the buffering activity of RNA in protein phase transitions have revealed that 

low levels of RNA induce pathological solid protein aggregates, while a specific concentration 

range promotes liquidity37,41. At high levels, transcripts disrupt condensate formation completely, 

perhaps by competing for interactions with protein IDRs42,43.  

The idea of RNA serving as a “scaffold” to which other “client” RNA molecules and 

proteins bind in higher order assemblies is an intriguing model for seeding phase separation 

events in cells34,36,37. The client/scaffold relationship has also been used to describe protein-

protein interactions and organization of membraneless organelles. Scaffold proteins organize 

condensates and recruit client proteins to open binding sites, with binding events scaling directly 

with client valency44,45. Promyelocytic leukemia (PML) nuclear bodies and P-bodies are 

examples of nuclear and cytoplasmic condensates, composed of RNAs and proteins, that are 

formed via scaffold-client interactions44,45.   

 

4. Examples of Phase Separation in the Cellular Environment  

 In eukaryotic cells, phase separation controls a plethora of biological processes. Recent 

studies have investigated its role in stress sensing, cell signaling, subcellular localization, 

nucleation of reactions, and even filtration of molecules via different condensate material states 

(Fig. 2)17,18,20,46,47. Additional functions for biomolecular condensates are being discovered, and 
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much of our current understanding is still rudimentary with new experimental techniques needed 

to address key questions. Some of the earliest examples of phase separation in cells include 

membraneless organelles, with the nucleolus perhaps the best studied to date. 

 

4.1 Phase Separation and the Nucleolus  

The nucleolus functions as the center for ribosome biogenesis and assembly of associated 

ribonucleoproteins within eukaryotic cells4,48. It is readily visible via light microscopy as a 

distinct compartment within the nucleus. The nucleolus is organized into three sub-compartments 

termed the fibrillar center, dense fibrillar component, and granular component, with each playing 

its own role in ribosome production48. Importantly, the three compartments have been shown to 

exist as individual phases that exhibit a “core-shell” architecture governed by their unique 

molecular components and related densities and surface tensions49,50. Studies have revealed that 

many key nucleolar proteins contain IDRs and charged subdomains at the sequence level. The 

disordered regions and the charged tracts are thought to contribute to self-association of 

nucleolar proteins through weak, transient interactions and heterotypic interactions with 

oppositely charged tracts in other protein components29,48,51.  

Both in vitro reconstitution experiments and in vivo studies have further examined the 

substructure of the nucleolus. In vitro purification of two IDR-containing nucleolar proteins, 

fibrillarin and nucleophosmin, indicates that both may phase separate at varying concentrations, 

and that in the case of nucleophosmin droplet formation is influenced by other scaffold proteins 

or the presence of RNA48,52,53. In vivo studies with Xenopus laevis oocytes have beautifully 

illustrated the liquid-like behavior of the nucleolus. Nucleoli within these cells are spherical, 

spontaneously coalesce, and can fuse together into larger droplets while retaining their distinct 



 9 

core-shell architecture48,49,54. Future studies into how the nucleolus maintains its distinct phase-

separated sub-compartments at a non-equilibrium steady state, and how these dynamics shift in 

disease, will further illuminate the role of phase separation in cellular organization.  

 

4.2 Paraspeckles  

Paraspeckles represent another example of membraneless organelles present in the 

nuclear space. Paraspeckles are involved in the control of gene expression in mammalian cells 

through sequestering and retention of specific classes of RNA, and additionally through editing 

of adenosine to inosine as a post-translational modification of double-stranded RNA4,55. Located 

in the interchromatin space, paraspeckles often contain inactive RNA polymerase II (RNA pol II) 

at their core and active RNA pol II and associated RNA transcripts at their periphery55. 

Proteomic studies have revealed at least ten distinct proteins that make up paraspeckles, and 

these proteins additionally interact with diverse RNA species55,56. One of the best characterized 

RNAs, a long noncoding RNA (lncRNA) called NEAT1, is recognized as an essential structural 

component of paraspeckles and serves as a scaffold for related protein binding56,57. Formation of 

paraspeckles requires protein binding events along NEAT1 to seed mature polymers that 

assemble into condensates by recruiting additional core proteins including fused in sarcoma 

protein (FUS)56,58,59. Intriguingly, FUS contains a distinct PrLD that is required for its targeting 

and incorporation into paraspeckles14,56. Mutations of aromatic amino acids in the FUS PrLD 

were found to diminish its phase separation capabilities in vitro as well as disrupt paraspeckle 

formation in cells14. PrLDs are present in approximately half of paraspeckle-associated proteins, 

hinting at their importance in protein-protein interactions that may drive the liquid-like phase 

separation of mature paraspeckles14,56.   



 10 

5. Phase Separation in Fungi 

 Phase separation has now been reported as an organizing principle in a growing number 

of cell types, ranging from mammalian systems to plants to even prokaryotic bacteria3,60,61. 

Within eukaryotic organisms, the fungal kingdom represents a large and diverse taxon that 

includes yeasts, molds, and mushrooms. Recent studies have uncovered several examples of 

phase separation in yeasts and in closely related filamentous species18,34,62. Condensation of IDPs 

in response to environmental stressors and formation of canonical stress granules in yeast are 

some of the earliest reported examples of phase separation in fungi18,63. Biomolecular 

condensates are also implicated in autophagy in yeast, with the liquid-like properties of protein 

assemblies helping to determine autophagy pathways62,64. Organization of the cytoskeleton and 

growth polarity in yeast and branched fungi is also closely tied to phase separation of IDR-

containing proteins34,65. Finally, transcription in budding yeast has been reported to involve 

phase-separated protein assemblies of major transcription factors (TFs), as well as a large 

disordered tail domain in RNA pol II66-69. Each of these four phase separation phenomena are 

detailed below, with a focus on the protein interactions driving condensate formation and 

function.  

 

5.1 Stress Granules and Stress Responses 

 Stress granules are phase-separated assemblies of mRNA and messenger 

ribonucleoproteins (mRNPs) that form when mRNAs are stalled in the translation initiation 

process63. They represent a sub-category of general ribonucleoprotein (RNP) granules, which are 

non-membrane bound compartments made up of high concentrations of proteins and RNA63. 

Stress granules are highly dynamic, conserved across species, and dependent on RNA for their 



 11 

assembly63,70. In mammalian cells, stress granules consist of a RNP core surrounded by a more 

liquid-like shell of proteins that rapidly exchange with the cytoplasm12,63. Yeast stress granules 

are thought to maintain a similar architecture, although their RNP core is larger and more akin to 

a solid-like aggregate, with possibly a smaller liquid protein shell12. It has been suggested that 

the formation of the RNP core occurs as the first step of stress granule assembly, and this 

structure then seeds formation of the more liquid shell via interactions with IDRs of core protein 

components12,63,71.  

 The budding yeast Saccharomyces cerevisiae is an important model for studies 

determining the molecular dynamics and components of stress granules. Changing cellular 

conditions, including increased temperature or loss of nutrients, can trigger stress granule 

formation in yeast cells, and this process is reversible upon removal of the stressors63,71. Studies 

comparing yeast stress granules to those in mammalian cells have revealed a large overlap 

between protein components, with the core proteome especially enriched for translation factors 

and RNA binding proteins (RBPs)12. Intriguingly, both granule types also contain a significant 

proportion of proteins with PrLDs, and many of these PrLD-containing components also have 

mRNA binding activity63. Analyses of protein interactions within yeast stress granules reveals a 

tight-knit structure in which each protein interacts with four others on average, which is higher 

than expected by chance for random interactions outside of the dense core12.  

Taking into account the abundant protein classes and domains present in yeast stress 

granules, a possible model for the molecular mechanisms underlying their assembly includes 

both weak interactions between disordered domains and more stable, aggregation-prone 

interactions. Because yeast stress granules do not serve as active sites for biological reactions, 

and instead only exist to sequester and store molecules, they do not need to be as liquid-like as 
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other phase-separated condensates71. Their core structures can contain misfolded proteins that 

may further interact with other PrLDs and RNAs to form amorphous aggregates63,71. It is 

important to note, however, that yeast stress granules are distinct from amyloid aggregates12,71. 

Instead, they are functional aggregates that exist within the spectrum of phase-separated material 

states, dependent on both structured protein interactions and more promiscuous contacts between 

low complexity PrLDs71.  

 One protein that is consistently recruited to stress granules in budding yeast is poly(A)-

binding protein 1 (Pab1), which contains both RNA recognition motifs (RRMs) as well as a 

proline-rich LCR (P-domain)17,72. Pab1 has well-characterized roles in polyadenylation of 

mRNA and thereby regulates mRNA stability and translational control72. Recent work has shown 

that Pab1 is able to phase separate in vitro and in vivo, and forms gel-like condensates in 

response to pH and thermal stressors17. As Pab1 is a core component of yeast stress granules, 

these observations illuminate how IDRs in stress granule proteins may modulate protein-protein 

interactions and contribute to phase separation in granule formation. 

Interestingly, the proline rich P-domain of Pab1 is not required for phase separation, 

although it does enhance phase separation behavior of purified protein condensates17,73. In order 

to examine the molecular mechanisms dictating LCR-enhanced phase separation, the sequence of 

the Pab1 P-domain was dissected and compared to homologs in diverse fungal species17. Many 

closely related species also show conservation of prolines in this disordered domain and also 

contain blocks of aliphatic and hydrophobic residues17. Mutational analysis revealed the ability 

of the P-domain to collapse and self-associate in vitro was dependent on hydrophobic 

intramolecular interactions, although these alone were not enough for phase separation of the 

wild-type protein17,73. Contributions from four RRMs in Pab1 further promoted phase separation, 
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likely through charge-charge interactions17. During heat and pH stress, Pab1 releases RNA and 

this increases the propensity for self-interactions across its P-domain and RNA binding domains. 

In this way, phase separation allows for Pab1 to sequester into gel-like droplets and de-repress 

mRNAs needed for stress adaptation17. These mRNAs are then hypothesized to be translated into 

heat shock-associated proteins and molecular chaperones, allowing yeast cells to maintain 

growth in stressful conditions and eventually disperse Pab1 assemblies once environmental 

stressors are removed17,73. 

 Budding yeast needs not only to respond to changes in heat and pH in the environment, 

but also to changes in nutrient levels. As a unicellular, sessile organism, S. cerevisiae must 

rapidly stall growth when nutrients are depleted and remain in an arrested translational state until 

a suitable carbon source is restored73. Precisely how yeast responds to nutrient changes by 

suspending translation before restarting it is not completely understood, but recent work on the 

translation termination factor Sup35 suggests that phase separation can play a role in the 

process18.  

Sup35 is a classic prion protein that has three domains, termed the N, M, and C-terminal 

domains18. The N-terminal domain is a PrLD with an intrinsically disordered sequence enriched 

in polar and aromatic amino acids7,18. Many studies have shown that the N-terminal PrLD of 

Sup35 can mediate fibrillar prion formation in yeast, and that inheritance of the prion phenotype 

can lead to adaptive fitness advantages74,75. However, a study led by Franzmann et al. also 

uncovered a role for the Sup35 PrLD in promoting phase separation during nutrient starvation. 

During starvation pH levels drop which causes Sup35 to form condensates within the 

cytoplasm18. Under normal growth conditions Sup35 utilizes its catalytic C-terminal GTPase 

domain to terminate translation yet when nutrients are scarce, the negatively charged M-domain 
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senses pH levels via protonation of its charged residues and the N-terminal PrLD promotes phase 

separation to sequester Sup35 into gel-like droplets, effectively stalling translation18. 

Importantly, the condensation of Sup35 is reversible. Addition of a glucose-rich media to starved 

cells causes complete dissolution of Sup35 droplets and allows translation to resume18,73.  

To further demonstrate the protective properties of Sup35 condensates, and an important 

property of phase separation in general, Franzmann et al. also showed that the structured, 

catalytic C-terminal domain of Sup35 alone formed irreversible aggregates at low pH and 

arrested cell growth even when energy sources were restored18. Thus, phase separation (unlike 

irreversible aggregation) offers a way for cells to sense changing environmental conditions and 

promote cellular fitness through the reversible formation of protein condensates.  

 

5.2 Autophagy 

 Autophagy, or macroautophagy, refers to the conserved process of organized degradation 

in cells, during which dysfunctional or unnecessary components are removed via the lysosome76. 

The process involves the formation of a double-membrane autophagosome that transports 

components destined for degradation to the lysosome77. Through this organized breakdown of 

cellular components, autophagy provides energy and smaller molecular building blocks for cells 

to survive in times of environmental stress77. Additionally, autophagy effectively removes 

misfolded proteins or aggregates that would otherwise cause disease or disrupt cellular 

homeostasis77,78. The first step in the autophagy pathway in yeast and in higher eukaryotes is the 

formation of the autophagosome, which begins with the isolation membrane (IM)76,77. 

Characterized as a cup-shaped membrane, the IM engulfs materials to be degraded and then 

expands and seals into the autophagosome77. In yeast, a set of autophagy-related (Atg) proteins 
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form complexes that act at different steps of autophagosome development, eventually helping the 

vesicle to fuse with the lysosome76,77. The involvement of LLPS in autophagy has recently been 

explored in budding yeast as well as in multi-cellular organisms. Formation of autophagosome 

sites in yeast is mediated by phase separation, and the relative liquidity of cellular condensates is 

key to the targeting of proteins for breakdown by autophagy62,64.  

 The site where autophagosome formation takes place in yeast is referred to as the pre-

autophagosomal structure (PAS)76. Many Atg proteins are known to associate at the PAS and 

while their interactions have been characterized, the exact functions and physiochemical 

properties of the PAS itself have only recently been elucidated62. The PAS in S. cerevisiae is not 

a permanent structure, forming instead in response to nutrient starvation at the yeast cell 

vacuole77. Its early formation involves five Atg proteins that all contain IDRs and assemble to 

form the ATG1 complex62,76,77. As the PAS matures, it recruits more Atg proteins and vesicles 

that lead to the formation of the autophagosome77.  

In their work examining the propensity for the PAS to behave as a biomolecular 

condensate, Fujioka et al. showed that two Atg proteins, Atg13 and Atg17, are capable of 

triggering phase separation of the ATG1 complex62. Under normal cellular conditions, Atg13 is 

hyperphosphorylated and does not interact with Atg1777. However, when cells are starved, Atg13 

is dephosphorylated and establishes multivalent interactions with Atg17 dimers along its 

extensive IDR to drive LLPS of ATG177. ATG1 condensates are tethered along the vacuolar 

membrane via Atg13 interactions with a specific membrane protein, Vac862,77. Through imaging 

of the early ATG1 droplets, Fujioka et al. demonstrated that the complexes could move along the 

vacuolar membrane and rapidly fuse together to form one large PAS condensate62. The PAS 

condensate then matures into the autophagosome via recruitment of additional Atg proteins62,76. 
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In showing that the PAS is a LLPS compartment, Fujioka et al. highlight how the dynamic 

exchange of materials across membraneless organelles is key to their function. The liquid-like 

properties of the PAS allow for incorporation of proteins from the cytoplasm that lead to its 

maturation and eventual autophagosome formation62,77. It is interesting to note that in 

multicellular organisms a similar mechanism of phosphoregulation occurs with the IDR-enriched 

protein ATG13, which is also part of a larger protein complex akin to ATG1 in yeast77. More 

work is needed to ascertain if multicellular organisms also rely on LLPS for autophagosome 

formation, and if this process is conserved across higher order eukaryotes.  

 While the formation of the PAS and autophagosome described above is dependent on 

cellular stressors and degrades bulk cytoplasmic components, another type of autophagy (termed 

selective autophagy) targets specific organelles and biomolecules for degradation without 

starvation cues76. LLPS has recently emerged as a mechanism by which cargo is selectively 

targeted to the vacuole for degradation in budding yeast64,79. Ape1, a vacuolar hydrolase in S. 

cerevisiae, is a known target of selective autophagy77,80. The protein is targeted to the yeast 

vacuole via a specific type of selective autophagy called the cytoplasm-to-vacuole targeting 

(Cvt) pathway80. Ape1 is translated as a propeptide that interacts with the receptor protein Atg19 

and consequently self assembles into dodecamers64,81. Sequence analysis revealed that the 

propeptide of Ape1 is intrinsically disordered, yet the protein adopts a helical formation when 

interacting with itself in homotypic assemblies81. Interestingly, as the Ape1 dodecamers form, 

weak multivalent interactions emerge between helices and trigger LLPS of Ape1 into gel-like 

condensates64.  

Both biochemical and cellular imaging experiments demonstrated that Ape1 droplets fuse 

slowly and have slow internal dynamics, indicative of their gel-state properties64. Further in vitro 
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reconstitution studies showed that Atg19 coats the outside of Ape1 condensates64,81. This 

behavior is referred to as “floating” of Atg19 at the periphery of the droplets, and can be 

visualized in synthetic membranes composed of purified protein components64. The Atg19 layer 

interacts with another autophagy protein, Atg8, which coats the outside of the IM64,81. Through 

these interactions, a shape change in the IM is initiated to form a complete membrane around 

Ape1 droplets and sequester them for degradation via the Cvt pathway64. Further investigations 

into the phase separation properties of Ape1 found that mutating the propeptide at one amino 

acid could significantly impair selective autophagy. Changing proline to leucine at position 22 in 

Ape1 led to increased homotypic interactions and formation of Ape1 aggregates rather than 

droplets64. These hardened structures had limited liquid-like properties and failed to interact with 

Atg19 and Atg864. The material properties of condensates therefore allow the cell to distinguish 

between cargo destined for selective degradation or bulk autophagy.  

 

5.3 The Cytoskeleton and Polarity 

 The cytoskeleton is a complex and dynamic structure composed of filaments that 

constantly exchange monomer building blocks and can grow and shrink by polymerization, 

nucleation, and depolymerization65. The ability of the cytoskeleton to rapidly change its size and 

direction of growth means that its regulation is tightly controlled, although many of the processes 

directing cytoskeletal growth are unknown65. New work in budding yeast and filamentous fungi 

has begun to link various aspects of cytoskeletal regulation to the formation of biomolecular 

condensates. In S. cerevisiae, condensation of actin regulators into droplets during cellular stress 

has been shown to reduce actin polymerization and thus decrease polarized cell growth65,82. 

Complex, branched fungal mycelia also need to direct sites of polarity and symmetry breaking 
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for cell growth. The formation of RNA-protein condensates in the filamentous fungus Ashbya 

gossypii are now implicated in directing cytoskeletal organization for growth of new hyphal 

branches34,83.  

 In both budding yeast and filamentous fungi a large protein complex termed the 

polarisome nucleates actin polymerization for cytoskeletal growth and cellular polarity82. The 

polarisome is made up of various core proteins including the formin protein Bni1, which 

polymerizes actin at the fast growing end with nucleation promoting factor (NPF) and a scaffold 

protein Spa282,84. Many polarisome proteins have extensive IDRs, with structural analyses 

indicating that these regions allow them to respond to environmental signals by changing 

conformation, as well as engaging in different protein-protein interactions82,85. Within budding 

yeast, polarisome proteins are concentrated at the bud tip in a non-membrane bound area where 

they constantly exchange between the dense assembly and the surrounding cytoplasm82,86,87. 

How these proteins remain concentrated at the bud tip and respond to different stressors to stall 

or arrest polarized growth was recently found to involve LLPS.  

Xie et al. examined the dynamics behind polarisome assembly and identified a previously 

unknown protein component, actin-interacting protein 5 (Aip5)82. Aip5 and Bni1 promote actin 

assembly through the structured C-terminal domain of Aip5 and its interactions with the Bni1 C-

terminus82,86. The N-terminal domain of Aip5 is intrinsically disordered and in vitro experiments 

showed that this domain drove formation of Aip5 oligomers as well as amorphous condensates 

under environmental stress82. Intriguingly, the addition of Spa2 to Aip5 assemblies was able to 

tune these condensates into more liquid-like droplets that rapidly recovered from fluorescence 

recovery after photobleaching (FRAP) treatment, illustrating their fluid internal dynamics82,87. 

The droplets of Aip5-Spa2 proteins were mediated by multivalent interactions between IDRs and 
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help to explain how the polarisome forms in S. cerevisiae, as well as how the cells arrest and 

restart polarized growth under stressful conditions82. Spa2 actively prevents the formation of 

Aip5 aggregates during stress and thus allows for a quick return to growth via condensate 

dissolution once pH levels or nutrient conditions are restored82,87. As far as the tunable 

condensation of the polarisome, the multiple protein-protein interactions via IDRs make the 

protein components less likely to diffuse at the tip of the budding yeast cell87. These interactions 

drive formation of the core polarisome complex and increased concentrations of proteins scale 

with higher actin nucleation activity for directed cell growth82.  

 Budding yeast serves as an excellent model for conserved processes directing 

cytoskeletal growth, but more complex filamentous fungi must also determine sites of polarized 

growth for new hyphae formation. The fungus Ashbya gossypii is a multi-nucleate organism that 

generates new hyphal filaments to form mycelia83. As these lateral branches form, they establish 

new sites of polarity along existing hyphae, therefore causing symmetry breaking events83. The 

molecular mechanisms underpinning this directed growth patterning are not well understood 

although recent studies showed that LLPS may be responsible for localizing polarity regulators 

away from preexisting sites to establish new areas of growth and cytoskeletal organization34,83. 

Lee et al. demonstrated that the protein Whi3 contains a large poly-glutamine (polyQ) tract 

which is required for its localization and concentration at hyphal tips83. The polyQ domain drives 

aggregation of Whi3 as part of an extensive IDR, and these aggregates are co-concurrent with F-

actin patches and cables at branch sites83. Whi3 also contains an RRM, the deletion of which 

further exacerbated new branch polarity83. Based on these results, Lee et al. examined how 

specific mRNAs, along with other IDPs, may interact with Whi3 to form protein droplets 

concentrated at sites of hyphal formation. They identified the protein Puf2, which is highly 
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disordered, as a main interacting partner with Whi3 at branch tips, where the proteins form 

droplets that incorporate different mRNAs83,88. Both BNI1 and SPA2 transcripts were found in 

the protein clusters and help to establish polarity at the symmetry breaking points83. Multivalent 

binding sites along the mRNAs contribute to the phase separation of Whi3 and Puf283. Zhang et 

al. further revealed that other mRNAs can tune the droplet dynamics of Whi3 condensates from 

more liquid-like to gel-like assemblies34. These studies together illustrate how LLPS in multi-

component systems can use RNA to modulate droplet dynamics and confer unique functions to 

condensates within a common cytoplasm.  

 

5.4 Transcriptional Regulation 

 Eukaryotic transcription proceeds through three phases termed initiation, elongation, and 

termination89. Cell type differentiation depends on the temporal and spatial regulation of gene 

expression, and the ability of the transcriptional machinery to respond to chemical and 

environmental signals. Transcription has been well studied in S. cerevisiae where 

compartmentalizing TFs, regulators, and RNA pol II within condensates may effectively control 

gene activity. RNA pol II is essential to transcription activation and gene expression. In both 

yeast and higher eukaryotes the protein contains an intrinsically disordered C-terminal tail68. 

Work in yeast has established that this IDR promotes RNA pol II phase separation as well as 

interactions with other IDRs in TFs and related coactivators to regulate transcription initiation 

and frequency of transcriptional bursting68,69.  

 Studies in budding yeast identified a transcriptional regulator, Taf14, as an essential 

protein in many diverse cellular processes66,90,91. Taf14 can associate with different binding 

partners to drive chromatin reorganization and recognition of histone modifications, yet how one 
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protein carries out multiple functions has remained elusive66,90,92. Chen et al. showed Taf14 

forms condensates in vitro and that binding partners partitioned into these droplets, dependent on 

specific hydrophobic and electrostatic interactions66. In biochemical and mutational experiments, 

Chen et al. revealed that the structured extra-terminal (ET) domain of Taf14 interacts with a 

common ET-binding motif in multiple partner proteins66. Taf14 lacks any IDRs but self-

associates through its ET domain and binding to acetylated lysine chromatin markers66. 

Homotypic interactions are strengthened by the inclusion of DNA, and the resulting Taf14 hubs 

were shown to incorporate binding partners in phase separation imaging assays66. Taf14 

therefore acts as a scaffold to bring together chromatin remodeling complexes and other 

transcriptional machinery to drive expression of target genes66. It is worth noting that the phase 

separation and scaffold capabilities of Taf14 mirror LLPS models for transcriptional control in 

mammalian systems, where TFs and coactivators form nuclear condensates at high local 

concentrations along regulatory chromatin regions92-94. How different proteins enter these 

condensates for activation of transcription, or disperse them at termination, remains an active 

area of research in both fungi and higher eukaryotes, and is discussed in more detail in part six of 

this chapter.   

 The disordered C-terminal domain (CTD) of RNA pol II is conserved across eukaryotes, 

and its length is correlated with genome size69. Made up of heptad amino acid repeats, the LCR 

ranges from twenty-six repeats in yeast to fifty-two in humans68,95. Multiple studies have begun 

to unravel the functions of the CTD in pre-mRNA synthesis and processing of transcripts during 

transcription95. Published work has speculated on the mobility of the CTD as a “tail” extending 

from the RPB1 subunit of RNA pol II to facilitate binding of co-activators and proteins 

associated with histone modifications95,96. Boehning et al. showed that the yeast CTD tail formed 
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droplets in a concentration-dependent manner in vitro68. Droplet formation was dependent on 

weak LCD-LCD interactions and full length RNA Pol II was also incorporated into the pre-

formed condensates68. These experiments suggest a model whereby transcriptional activators can 

recruit or nucleate RNA pol II hubs via LLPS to initiate transcription.  

Building on this work, Quintero-Cadena et al. investigated CTD length in live yeast cells, 

and its relation to transcriptional bursting events for actively transcribed genes. In eukaryotes, 

enhancers are able to interact with promoter regions to yield bursts of transcriptional 

activity69,97,98. The length and frequency of bursting is dependent on distance from enhancers to 

promoters69,99. Quintero-Cadena et al. hypothesized that the CTD could serve as a molecular 

“bridge” for RNA pol II, allowing it to form multi-phase separated assemblies of the protein, 

DNA, and other TFs for increased transcriptional output at active enhancers69. Through live cell 

imaging and fluorescence in situ hybridization (FISH) experiments, CTD length was found to 

modulate transcriptional bursting events in yeast69. Remarkably, the CTD could be swapped with 

other IDRs from diverse TFs and still maintain its functionality in transcriptional regulation69. 

Together, these studies reveal a role for phase separation of the RNA pol II CTD and formation 

of transcriptional condensates in yeast. Through CTD-CTD interactions, and other interactions 

with TFs, coactivators, and Mediator, RNA pol II is recruited to active enhancers for initiation of 

transcription events. 

 

6. Transcriptional Regulatory Networks, Super-Enhancers, and Phase Separation 

 Regulation of gene expression in time and space is essential for development and survival 

across species. Tightly controlled transcript levels expressed at specific time frames ensure 

proper cellular development and differentiation, while aberrant regulation of transcription can 
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lead to overgrowth and cancerous phenotypes92. Transcriptional regulatory networks (TRNs) are 

employed across diverse organisms as a means of coordinating gene expression programs100,101. 

TFs and their targets can be viewed as major nodes, with the regulatory interactions depicted as 

edges100. TRNs are often complex, multi-layered “hairball” structures, where a small sub-set of 

master TFs coordinate the expression of up to thousands of different genes101,102. Importantly, 

TRNs are highly dynamic entities and partial activation of components is possible, with outputs 

fluctuating based on environmental conditions and signaling100,103.  

 All TRNs contain TFs and cis-regulatory elements101. In a conventional view of 

transcription, TFs bind to cis-regulatory sequences via DNA binding domains, thereby recruiting 

RNA Pol II and associated co-activators for transcription initiation104,105. How cis-regulatory 

sequences are positioned throughout the genome and their recognition by one or more TFs 

directly influences the timing and strength of transcriptional output101. Multiple studies have 

shown that these sequences can be moved around the genome and still control gene expression, 

with positions in eukaryotes retaining function across thousands of base pairs101. The extent of 

long range interactions between cis-regulatory elements and target genes raises an intriguing 

question as to the mechanism by which master TFs interact with each other and with the DNA 

sequence to regulate target genes.  

 Recent work in mammalian TRNs has focused on TF recruitment to specific DNA 

enhancer sequences to parse out protein-protein and protein-nucleic acid interactions and 

associated transcriptional activity. Enhancers are well-defined in mammalian systems as 

regulatory elements that increase transcription from a target gene promoter, and may act 

upstream or downstream from the promoter (Fig. 3a)92,106. Exceedingly large enhancer elements 

can exist within TRNs and can regulate cell fate decisions through cell-type-specific 
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transcripts104,107,108. Due to their increased size, elevated levels of TF and Mediator binding, and 

association with active transcriptional machinery, these enhancers are referred to as “stretch-

enhancers” or “super-enhancers” (Fig. 3a)107-109. While stretch-enhancers are mainly defined by 

their large size (at least 3,000 base pairs) within chromatin regulatory regions, super-enhancers 

are characterized more specifically by binding occupancy of master TFs and chromatin 

regulators/marks along a cluster of enhancers110,111.   

Super-enhancers depend on cooperative interactions, both at the protein and DNA level, 

for their formation92. Studies to measure the density of TFs, co-activators, Mediator, and RNA 

pol II at super-enhancer clusters have estimated the levels of proteins to be up to ten-fold higher 

than at typical enhancers107,109. Additionally, genome mapping has revealed that super-enhancers 

are proximal to their target promoters, with DNA sequences in physical contact despite being 

found at large distances up or downstream from the gene112,113. Super-enhancers can be nucleated 

by binding of a single TF to an enhancer sequence, as seen in leukemia cells and in inflammatory 

stimulation where one TF recruits other factors to nascent enhancer regions to create a densely 

populated stretch of DNA poised for transcription activation114,115. In this same vein, super-

enhancers are extremely sensitive to perturbations in TF and co-activator occupancy. Using 

drugs to block the binding of co-activator BRD4 to super-enhancer sequences, for example, 

collapsed the entire regulatory region116. Disruption of constituent enhancers within a super-

enhancer sequence can also disrupt TF occupancy and transcriptional output92. 

The high levels of TFs, co-activators, RNA pol II, and RNA transcripts found at super-

enhancers, combined with their propensity to cooperatively interact with one another and their 

extreme sensitivity to concentration changes, draws parallels to LLPS and formation of 

membraneless organelles in eukaryotes. As discussed previously, phase separation is driven by 
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multivalent interactions between proteins and can depend on IDRs, inclusion of RNAs, and post-

translational modifications. Examples of IDRs in transcriptional regulators are numerous, 

particularly in master TFs and the CTD of RNA pol II68,93. Taking these examples and super-

enhancer formation and activity in mind, Hnisz et al. proposed a phase separation model for 

transcriptional control in mammalian TRNs (Fig. 3b)92.  

In this model, regulators at super-enhancer elements participate in multivalent 

interactions with one another, with many interactions driven by chemical modifications such as 

acetylation or phosphorylation24,92. Here, multivalent interactions are seen as “crosslinks”, 

through which multiple TFs and transcriptional regulators contact one another and reach a 

concentration threshold at which phase separation occurs (Fig. 3b)92. Computer simulations 

indicated that this model accurately describes how valency of interacting components impacts 

condensate formation92. Additionally, super-enhancers showed much greater transcriptional 

activity, due to cooperativity of crosslink interactions and their predicted phase separation 

capacity, as compared to typical enhancers92. Finally, the model depicted how phase-separated 

assemblies could form at one super-enhancer region to activate two separate gene promoters 

(Fig. 3b)92. Since its inception, the phase separation model for transcriptional control has been 

studied in mammalian systems including embryonic stem cell pluripotency and human estrogen 

receptor pathways93,94. However, the potential for protein LLPS and transcriptional activation in 

yeast TRNs has yet to be established.  

Many yeast TRNs, including networks regulating the white-opaque phenotypic switch 

and biofilm formation in the yeast Candida albicans, show parallels to mammalian TRNs101,117. 

In particular, these circuits have extremely large regulatory regions where multiple master TFs 

and associated transcriptional machinery bind upstream of target genes101,117,118. Chapters two 
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and three of this thesis examine whether super-enhancer-like elements in C. albicans function as 

sites of TF recruitment in the white-opaque and biofilm TRNs. These chapters also address 

whether TFs found at regulatory regions undergo phase separation to assemble into 

multimolecular complexes that coordinate network gene transcription. 

 

7. The White-Opaque Switch in Candida albicans 

C. albicans is an opportunistic fungal pathogen found in the gastrointestinal tracts, 

reproductive tracts, and on the skin of up to 70% of healthy adults as a commensal organism119. 

The commensal form is capable of seeding mucosal and systemic infections in 

immunocompromised patients, or in patients exhibiting signs of microbial dysbiosis119,120. One 

way in which this unicellular yeast colonizes diverse sites across the host is through its ability to 

undergo a phenotypic switch between two cell states, termed white and opaque121,122. The cell 

states are named for their physical appearance when grown on agar plates. White cell colonies 

appear shiny and domed, while opaque cell colonies are flatter and matte. Microscopic 

examination also distinguishes white cells as rounder than their elongated opaque counterparts. 

The switch between the two states is epigenetic, meaning it occurs without any changes to the 

primary genomic sequence, reversible, and heritable for many generations122,123. Stochastic 

switching occurs under standard laboratory conditions, however changes in pH, temperature, and 

oxidative stress induce higher frequencies of switching124. Beyond its impact on host 

colonization, the white-opaque switch is also required for efficient mating and biofilm formation 

in C. albicans119,120,124.  

 Regulation of white-opaque switching involves at least eight TFs that form a highly 

interconnected TRN (Fig. 4)117,125,126. Together, these eight TFs control expression of over 1000 
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target genes, accounting for about one-sixth of the C. albicans transcriptome124. Of the eight TF 

proteins, Wor1 and Efg1 are often referred to as the “master” TFs promoting the opaque and 

white states, respectively. Expression of Wor1 is required for the formation and stability of 

opaque cells, whereas Efg1 inhibits Wor1 expression to promote white cell formation127,128. The 

six remaining TFs are Wor2, Wor3, Wor4, Czf1, Ssn6, and Ahr1117,125,126. ChIP-chip analysis has 

revealed that many of the core TFs bind to their own promoter regions as well as to the 

regulatory regions upstream of the other core TFs in the network117. Intriguingly, many of these 

TFs occupy overlapping positions along the genome despite a lack of consensus binding 

motifs117. This data suggests that TFs may be recruited by TF-TF interactions to co-activate 

target genes, although a mechanism for these interactions has not been established in C. albicans. 

The investigation of a potential role for LLPS in TF interactions and the control of white-opaque 

switching is the main focus of chapter two of this thesis. 

 

8. Candida albicans Biofilms 

 Many microbial species form biofilms, which are defined as structured communities of 

cells attached to biological or inert surfaces. Biofilms are of particular importance for pathogens 

because they allow for seeding of new infection sites and resistance to antimicrobial treatments. 

C. albicans is a leading cause of hospital-acquired infections, due in large part to its ability to 

form biofilms119. These biofilms consist of yeast-form cells, pseudo-hyphal cells, and hyphal 

cells surrounded by an extracellular matrix (ECM)119. Biofilm formation is divided into four 

steps including adherence, initiation, maturation, and dispersal (Fig. 5)119,120,124. During 

adherence, yeast-form cells attach to biotic and abiotic surfaces and form a layer of cells to 

anchor the biofilm119. Hyphal and pseudohyphal cells begin to develop throughout the initiation 
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stage119. Biofilm maturation is characterized by filamentation and development of an ECM 

consisting of proteins, carbohydrates, lipids, and nucleic acids119,129. The ECM helps provide 

protection against antifungal treatments and mechanical disruptions129. Mature biofilms release 

yeast-form cells, which bud off of hyphae and go on to seed new sites of infection120,129. 

Progression to the dispersal phase contributes significantly to clinical burden and systemic 

candidiasis119.   

Biofilm formation in C. albicans is controlled by a highly interconnected TRN which 

shows many parallels to the white-opaque TRN discussed above. Within this circuit, nine master 

TFs have been identified as essential to biofilm formation and development130,131. They include 

Bcr1, Brg1, Efg1, Flo8, Gal4, Ndt80, Rob1, Rfx2 and Tec1130,131. ChIP-chip experiments have 

mapped biofilm TFs onto the C. albicans genome, indicating that the nine proteins control their 

own expression as well as that of the other circuit TFs120,130,131. As in the white-opaque TRN, 

enrichment of TFs at promoter regions includes areas where many factors lack binding motifs131. 

This suggests a conserved mechanism of protein-protein interactions to control biofilm formation 

and virulence in C. albicans, which is discussed in chapter three of this thesis.  

 

9. Conclusions 

 Phase separation and the formation of biomolecular condensates is now understood to be 

a central process contributing to organization and compartmentalization within the cell3. 

Membraneless organelles arise from condensation of component macromolecules across diverse 

species4. Multivalent interactions and intrinsically disordered LCRs can help to drive LLPS, and 

this process is also impacted by PTMs and incorporation of nucleic acids3. Recent work has 

focused on how phase separation of the transcriptional machinery, including Mediator, TFs, and 
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various co-activators, at super-enhancer elements may enable activation of target genes within 

mammalian TRNs93,94. Highly interconnected TRNs also function in the unicellular yeast C. 

albicans to control both the white-opaque cell state switch and biofilm formation117,131. These 

networks show many parallels to their mammalian counterparts, from super-sized regulatory 

regions to elevated levels of TF binding, even at sites lacking DNA binding motifs117,131 (Table 

1). The molecular mechanisms dictating TRNs in C. albicans have profound implications for 

understanding evolution of TRNs in eukaryotes, as well as for developing therapeutics that can 

target phase separating TFs in this pathogenic fungus.  

 The aim of the research presented in this thesis is to begin to examine the role of LLPS in 

the regulation of transcriptional programs in C. albicans. Previous work has shown that master 

TFs controlling the white-opaque switch and biofilm development act cooperatively to activate 

transcription of target genes, but the mechanisms by which they do so have remained 

unclear117,130,131. Chapter two investigates how PrLD-containing white-opaque TFs undergo 

phase separation to regulate cell fate decisions at large regulatory elements in the C. albicans 

genome. In chapter three, the regulation of C. albicans biofilms via TF condensates is addressed, 

with a focus on key sequence determinants of phase separation within the TF proteins. In 

summary, the research presented here contributes to the field’s understanding of LLPS in a 

model eukaryote, and provides a new model for transcriptional control in C. albicans.  
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Figures 

 
Fig. 1. Material states of phase-separated proteins.  
Proteins that undergo phase separation can exist in a wide array of material states. Individual 
protein components can form liquid-like condensates and further develop into less dynamic 
hydrogel structures. Strong molecular interactions and aging of hydrogels can drive formation of 
solid-like structures, which are often associated with fibrillar aggregates or amyloids in disease 
states. Figure adapted from Boeynaems et al. and March et al.3,7. Made with BioRender.com.  
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Fig. 2. Functions of biomolecular condensates in the cellular environment.  
Liquid-liquid phase separation concentrates proteins into membraneless compartments that are 
implicated in a variety of cellular functions. These include activation of reactions, localization of 
specific molecules, stress sensing, and filtration of different materials. Additional functions of 
phase-separated condensates are being discovered at an expanding rate. Figure adapted from 
Alberti et al.20. 
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Fig. 3. Super-enhancer elements exhibit cooperativity to activate genes in a phase separation 
model of transcriptional control.  
a, A typical enhancer (top) shows a linear correlation between activator binding and transcriptional 
output. In a super-enhancer (bottom), higher levels of activator binding are thought to result in 
cooperative phase separation and increased transcriptional output, as well as a greater sensitivity 
to activator levels.  
b, Constituent super-enhancers are bound by transcription factors and associated activators, and 
these protein components interact with one another at high concentrations to form a phase-
separated multi-molecular transcriptional hub. This hub is capable of activating multiple genes at 
once from the same enhancer elements. Figure adapted from Hnisz et al.92. Made with 
BioRender.com.  
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Fig. 4. The regulatory network controlling the white-opaque switch in Candida albicans. 
At least eight master transcription factors regulate white-opaque switching in C. albicans, and 
together they form a tightly interconnected transcriptional regulatory network. Proteins shown in 
pink promote the opaque state, where Wor1 is the master regulator. Proteins shown in green 
promote the white state, where Efg1 is the master regulator. Figure adapted from Noble et al. 
2017124. Made with BioRender.com.  
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Fig. 5. Stages of biofilm formation in Candida albicans.  
C. albicans biofilms form in four distinct stages. During adherence, yeast-form cells adhere to a 
biological surface or medical implant. Throughout initiation yeast-form cells continue to 
proliferate and begin to form a more complex structure. The mature biofilm includes many hyphal 
cells and the production of an extra-cellular matrix. In the dispersal stage, yeast-form cells bud off 
from the biofilm to seed new sites of infection. Figure adapted from Nobile & Johnson119.  
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Super-enhancer features Mammalian super-
enhancers 

C. albicans super-
enhancer-like regions 

Role in cell identity Found to control cell identity and 
differentiation in murine 
embryonic stem cells (ESCs), 
multiple immune cell type, and 
to contribute to a broad range of 
cancers via enrichment at genes 
with oncogenic 
function107,109,111,113  

Extended regulatory regions are 
required for white-opaque cell 
fate determination and 
additionally for control of biofilm 
formation, whereby cells 
transition between planktonic 
growth and communal 
growth117,131,132 

Size Median size is > 8 kb, whereas 
typical enhancers are ~700 
bp109 

For the white-opaque TRN, 
median size of upstream 
intergenic regions is > 7 kb, 
while average intergenic regions 
are ~ 557 bp133 

TF enrichment levels Elevated TF binding sites at 
constituent enhancers, 
increased cooperative 
transcriptional activation, and 
combined TF/coactivator 
enrichment ~10-fold higher than 
seen at typical 
enhancers107,109,111 

Elevated enrichment of white-
opaque master TFs and biofilm 
master TFs correlates with 
different numbers of TFs bound 
at super-enhancer-like regions; 
enrichment far exceeds typical 
binding at control intergenic 
regions117,131,132 

Epigenetic marks High levels of acetylation of 
histone H3 at lysine 27 
(H3K27ac) are commonly used 
to define super-enhancers, in 
combination with other 
criteria109,111 
 

Unknown. Our own preliminary, 
unpublished data indicates 
elevated levels of H3K27ac at 
upstream regulatory regions in 
the opaque network 

Sensitivity to TF 
perturbation 

Highly sensitive – blocking 
binding of just one coactivator, 
like BRD4, can collapse entire 
super-enhancer92,116 

Highly sensitive – a small 
decrease in levels of opaque TF 
Wor1, for example, can disrupt 
regulation of white-opaque cell 
fate determination134 

 
Table 1. Comparison of super-enhancer features in mammalian and C. albicans cells.  
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Abstract 

 Cell identity in eukaryotes is controlled by transcriptional regulatory networks (TRNs) 

that define cell type-specific gene expression.  In the opportunistic fungal pathogen Candida 

albicans, TRNs regulate epigenetic switching between two alternative cell states, ‘white’ and 

‘opaque’, that exhibit distinct host interactions.  Here, we reveal that the transcription factors 

(TFs) regulating cell identity contain prion-like domains (PrLDs) that enable liquid-liquid 

demixing and the formation of phase-separated condensates.  Multiple white-opaque TFs can co-

assemble into complex condensates as observed on single DNA molecules.  Moreover, 

heterotypic interactions between PrLDs supports the assembly of multifactorial condensates at a 

synthetic locus within live eukaryotic cells.  Mutation of the Wor1 PrLD revealed that 

substitution of acidic residues abolished its ability to phase separate and to co-recruit other TFs 

in live cells, as well as its function in C. albicans cell fate determination. Together, these studies 

reveal that PrLDs support the assembly of TF complexes that control fungal cell identity and 

highlight parallels with the ‘super-enhancers’ that regulate mammalian cell fate.  
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Introduction 

Many species can epigenetically differentiate into alternative cellular subtypes.  This 

ability relies on transcriptional regulatory networks (TRNs) to coordinate cell type-specific gene 

expression programs that are then maintained over multiple cell divisions1,2.  In mammalian 

cells, studies suggest that cell fate is determined by TFs undergoing liquid-liquid phase 

separation (LLPS), whereby protein-dense condensates form that are in equilibrium with a more 

dilute surrounding phase3-10.  The high densities of TFs required for LLPS are achieved by 

recruitment to unusually large regulatory regions or ‘super-enhancers’ that control cell type 

identity11-14.  Super-enhancers consist of clusters of conventional enhancers that are in close 

proximity to one another, which can account for the high density of TFs bound to these regions 

as well as for their extended size9,11,14-18.  

While cell fate determination has been extensively studied in multicellular organisms 

many unicellular pathogens also undergo differentiation to evade the immune system or to adapt 

to fluctuating host environments19-22.  A prime example of epigenetic variation is phenotypic 

switching in the fungal pathogen Candida albicans, where cells interconvert between white and 

opaque states that display distinct phenotypic properties and tissue tropisms20,23-26.  Regulation of 

the white-opaque switch involves a complex network of at least 8 TFs which autoregulate their 

own expression as well as that of each another27-36.  Here, we reveal that 7 of these master TFs 

contain prion-like domains (PrLDs) that promote co-assembly into phase-separated condensates.  

These PrLDs enable homotypic and heterotypic interactions between TFs in vivo and are critical 

for TF function in cell fate determination.  We therefore propose that LLPS allows coordination 

of TFs for regulation of fungal cell fate and reveal parallels to the cell fate-defining networks 

controlling mammalian cell identity.  
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Results 

The TF network regulating C. albicans white-opaque cell identity  

 C. albicans cells can stochastically switch between white and opaque states that have 

distinct morphologies and transcriptional programs.  At the colony level, switching is evident by 

darker opaque sectors within white colonies and can be readily detected by state-specific 

fluorescent reporters (Fig. 1a, b)37-39.  The TRN regulating the white-opaque switch shows 

multiple parallels to those defining mammalian cell fate.  In both, cell identity is controlled by 

interconnected networks whereby TFs autoregulate their own expression as well as those of each 

other.  For example, in the white-opaque network, connections exist between 8 or more master 

TFs (Fig. 1c)27-36.  The TRNs regulating cell identity also involve unusually large regulatory 

regions in both fungi and mammals.  The median size of mammalian ‘super-enhancers’ is >8 kb 

versus ~700 bp for typical enhancers, and the regulatory regions of master white-opaque TFs are 

similarly expanded; the upstream intergenic regions of 6 of the 8 TFs are >7 kb, considerably 

larger than the average intergenic length of 557 bp in C. albicans11,40.  White-opaque TFs bind 

overlapping regions upstream of the genes encoding the master TFs.  For example, the intergenic 

region upstream of WOR1 is 10.5 kb and is bound by all 8 master TFs in opaque cells, including 

Wor1 itself (Fig. 1d)27,30,36.  Similar patterns of TF binding are observed for intergenic regions 

upstream of the other master TFs in the TRN (Extended Data Fig. 1).  These TFs co-occupy 

similar genomic positions despite a paucity of DNA binding motifs, many of which were defined 

using unbiased in vitro approaches (Fig. 1d and Extended Data Fig. 1)27.  This suggests that C. 

albicans cell fate-defining TFs are recruited to expanded DNA regulatory regions, at least in 

part, via protein-protein interactions.    
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C. albicans white-opaque TFs can form phase-separated condensates 

 Our analysis revealed that 7 out of 8 white-opaque TFs contain prion-like domains 

(PrLDs) by PLAAC analysis41.  Thus, Czf1, Efg1, Ssn6, and Wor1-Wor4 all contain at least one 

PrLD (Fig. 1e).  PrLDs are intrinsically disordered, low complexity domains that are rich in 

glutamine/asparagine (Q/N) residues yet contain few charged or hydrophobic residues.  Although 

recognized for their ability to form self-templating amyloid fibrils, PrLDs can also increase the 

propensity for proteins to undergo liquid-liquid phase separation (LLPS)42,43. 

 To test if white-opaque TFs undergo phase separation in vitro, we purified C. albicans 

Czf1, Efg1, Wor1 and Wor4 proteins from E. coli as fusions with maltose binding protein (MBP) 

(Extended Data Fig. 2).  Strikingly, each protein underwent LLPS upon proteolytic release from 

MBP (Fig. 2a).  A chimera between the C. albicans Wor1 DNA binding domain and the 

Candida maltosa Wor1 PrLD was used for these experiments, as purified ‘CaCmWor1’ was 

obtained in higher amounts than native CaWor1 and the chimeric protein was functional in C. 

albicans white-opaque switching assays (see below).  

Efg1 formed liquid-like droplets at concentrations as low as 5 µM under physiological 

buffer conditions and without molecular crowding agents (Fig. 2b).  Droplet-droplet fusion 

events were readily observed and droplet size increased with increasing Efg1 concentrations 

(Fig. 2a, b) but was inhibited by increasing salt concentrations (Fig. 2c).  At high Efg1 and low 

salt concentrations, droplets showed less liquid-like behavior and formed amorphous aggregates 

(Fig. 2c).  Condensate formation was also observed with Czf1, Wor1, and Wor4, although the 

extent of liquid-like behavior varied between TFs.  Both Wor1 and Wor4 formed gel-like 

droplets that self-adhered to form chains, whereas Czf1 and Efg1 produced spherical droplets 

that continued to undergo liquid-liquid fusion events under identical conditions (Fig. 2a, b).  We 
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further probed the liquid-like properties of the TFs by treating pre-formed droplets with the 

aliphatic alcohol 1,6-hexanediol, which has been shown to disrupt weak hydrophobic 

interactions in phase-separated condensates44-46.  Efg1 droplets were completely dissolved by 

10% 1,6-hexanediol whereas other condensates showed variable results.  Czf1 and Wor1 were 

largely unaffected, while Wor4 showed reduced droplet size and number (Extended Data Fig. 

3a).  We further examined Wor4 condensates by treating them with 10% 1,6-hexanediol prior to 

addition of TEV/5% PEG and in this instance droplet formation was essentially abolished.  

Treatment of condensates with the related compound 2,5-hexanediol, which does not dissolve 

liquid-like assemblies, did not disrupt droplets in any of these assays (Extended Data Fig. 3a).   

 Notably, liquid droplets formed by one white-opaque TF supported co-

compartmentalization with other network TFs.  For example, using Efg1 as the bulk reagent, 

fluorescently labeled Efg1, Wor1, Wor4 or Czf1 were included at sub-phase-separating 

concentrations (37.5 nM).  Upon TEV treatment, the bulk unlabeled Efg1 formed liquid droplets 

that incorporated each of the labeled TFs into condensates that continued to undergo droplet-

droplet fusion (Fig. 2d).  When treated with 10% 1,6-hexanediol, but not 2,5-hexanediol, these 

droplets readily dissolved further indicating their liquid properties (Extended Data Fig. 3b).  TF 

co-compartmentalization also occurred when TFs other than Efg1 were the bulk reagent 

(Extended Data Fig. 3c).  These results show how condensates formed by a single C. albicans 

TF can promote heterotypic interactions between TFs.  

 

PrLDs promote LLPS by C. albicans white-opaque TFs  

 The contribution of PrLDs to phase separation of white-opaque TFs was determined.  

Efg1 contains N- and C-terminal PrLDs that flank an APSES DNA binding domain (DBD)47,48.  
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Loss of either PrLD abolished the ability of Efg1 to phase separate under conditions where the 

native protein readily formed droplets (30 µM Efg1; Fig. 2e).  Similar results were obtained with 

Czf1 and Wor4 where removal of PrLDs attenuated phase separation; removal of the single 

PrLD from Czf1 resulted in the formation of smaller droplets than the full-length protein while 

removal of both PrLDs from Wor4 abolished droplet formation (Fig. 2a, e).  More subtle 

phenotypes were observed in Wor4 when only one PrLD was deleted; loss of the N-terminal 

PrLD reduced droplet formation whereas removal of the C-terminal PrLD resulted in increased 

gelling (i.e., formation of irregular assemblies that did not form larger droplets) (Fig. 2a, e).  In 

the case of Wor1, deletion of the C-terminal PrLD still allowed the protein to form aggregate 

chains even at concentrations as low as 5 µM, although these aggregates were smaller than those 

formed by the native protein (Fig. 2a, e).  The inclusion of DNA was also found to impact phase 

separation of TFs; Efg1 forms relatively small droplets at concentrations of 5-10 µM, yet the 

presence of C. albicans genomic DNA or phage lambda DNA enabled Efg1 to form larger 

droplets under the same conditions (Fig. 2f).  This indicates that DNA can promote condensates 

formed by a C. albicans TF. 

 To examine homotypic and heterotypic interactions mediated by PrLDs, the DBD was 

replaced with GFP (Extended Data Fig. 4a) and TF recruitment into Efg1 condensates 

analyzed.  Efg1[N-GFP-C] was readily recruited into bulk Efg1 droplets, whereas removal of the 

N- or C-terminal PrLDs led to weak or no recruitment into droplets, respectively (Extended 

Data Fig. 4b).  Similar results were obtained with Wor1, Wor4 and Czf1, where replacement of 

DBDs with GFP generated chimeric proteins that could be readily recruited into Efg1 

condensates (Extended Data Fig. 4a, b).  In the case of Wor4, like Efg1, both the N- and C-

terminal PrLDs were necessary for efficient recruitment into Efg1 droplets.  These data show 
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that PrLDs promote phase separation which allows for heterotypic interactions between white-

opaque TFs. 

 

PrLD-containing TFs form phase-separated condensates on single DNA molecules 

 TF condensate formation on single DNA molecules was examined using ‘DNA curtain’ 

assays.  Here, DNA is trapped on top of a fluid lipid bilayer with molecules tethered at one end 

and fluorescently labeled at the other end (Fig. 3a)49,50.  DNA molecules are extended by buffer 

flow and the lipid bilayer serves as a biomimetic surface that blocks non-specific adsorption of 

proteins and nucleic acids to the flowcell.  

C. albicans Efg1 was used in DNA curtain assays with the consensus Efg1 binding 

sequence (TGCAT) represented 145 times in the 48.5 kb phage l genome used for these 

assays27.  MBP-Efg1 was pre-incubated with TEV protease and the mixture injected into 

flowcells containing pre-assembled DNA curtains.  Efg1 binding resulted in the contraction of 

DNA molecules as measured by movement of the untethered, fluorescently-labeled end towards 

the tethered end (Fig. 3b, top).  Importantly, DNA compaction required both the DBD and the 

PrLDs of Efg1; injection of Efg1[N-GFP-C] that lacked the DBD did not show detectable 

binding or contraction of DNA, while injection of Efg1DNC-GFP that lacked both PrLDs coated 

the DNA molecules but also failed to contract DNA (Fig. 3b).   

Efg1 contracted DNA molecules almost completely to the barrier when using high (300 

nM) or intermediate (50 nM) concentrations (Fig. 3c, d).  In contrast, MBP-Efg1 that was not 

TEV treated (and thus not able to undergo LLPS) showed a significantly slower DNA 

contraction rate and a reduced average contraction length (Fig. 3c, d).  Together, these data 
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implicate both the DNA binding and phase separation properties of Efg1 as important for driving 

the contraction of DNA molecules. 

We next sought to determine if PrLDs can promote homotypic or heterotypic interactions 

on single DNA molecules.  Here, DNA molecules were tethered at both DNA ends to inhibit 

DNA contraction and MBP-TF fusions again TEV treated to remove MBP prior to injection49,50.  

Full-length, unlabeled Efg1 was allowed to bind to the DNA prior to injection with TF-GFP 

fusions that lack their corresponding DBDs.  We observed that both Efg1[N-GFP-C] and 

Wor1[GFP-C] rapidly accumulated in foci over the length of Efg1-coated DNA molecules (Fig. 

3e), whereas Efg1[N-GFP-C] did not bind to DNA in the absence of native Efg1 (Fig. 3b).  This 

shows that Efg1 and Wor1 can both be recruited into TF-DNA compartments via their PrLDs.            

 TFs function in the context of chromatin and we therefore assessed how nucleosomes 

impact DNA condensation.  DNA curtains were prepared with >10 nucleosomes deposited onto 

each DNA molecule and visualized using a fluorescent antibody against an HA epitope on 

histone H2A51,52.  Efg1 caused contraction of nucleosomal DNA substrates although this 

occurred at a significantly slower rate than that of naked DNA (Fig. 3f-h), indicating that 

nucleosomes act as physical barriers to DNA binding and/or DNA compaction by Efg1.  In 

support of this model, nucleosome-free DNA regions compacted more rapidly than nucleosome-

dense regions of the same DNA substrate (see arrows, Fig. 3f).  

 

PrLDs are necessary for TF function in determining C. albicans white-opaque cell fate  

 The functional contribution of PrLDs to the regulation of C. albicans cell fate was tested 

by ectopic expression of mutant TFs and quantification of white-to-opaque switching.  Induced 

expression of full-length TFs led to elevated frequencies of switching, as expected29-32,35.  Thus, 
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whereas <2% of cells underwent stochastic white-to-opaque switching under non-inducing 

conditions, forced expression of WOR1, WOR4, or CZF1 resulted in 98%, 63%, or 45% of white 

cells switching to the opaque state, respectively (Fig. 4a-d).  In contrast, ectopic expression of 

TFs lacking their respective PrLDs showed no increase in white-to-opaque switching over 

background (Fig. 4b-d).   

 Phase separation is promoted by multivalent interactions between residues in low 

complexity domains, with multiple weak interactions able to overcome the entropic cost of 

LLPS53.  Recent studies implicate a variety of intermolecular interactions in driving LLPS 

including patterned charged residues, hydrophobic residues and aromatic residues, with the latter 

shown to promote various pi interactions43,54-57.  Glutamine residues can also enhance LLPS and 

promote the liquid-to-solid transition of condensates43,57.  To address if these residues alter the 

functionality of a white-opaque TF, derivatives of the CmWor1 PrLD were tested including (i) 

removal of negatively charged residues (DE-to-A mutant), (ii) removal of positively charged 

residues (KR-to-G mutant) (iii) substitution of aromatic residues (YF-to-S mutant), and (iv) 

deletion of repetitive polyN/polyQ tracts (∆polyNQ) (Fig. 4e).  Notably, both DE-to-A and YF-

to-S mutants abolished Wor1 function in white-opaque switching, whereas KR-to-G and 

∆polyNQ mutants showed wildtype functionality (Fig. 4f).  In the case of the DE-to-A mutant, 

we note this involved substitution of only 8 residues within the 312 residue PrLD.  All Wor1 

variants correctly localized in the nucleus as determined by fluorescence microscopy (Fig. 4g).   

 We also tested whether Wor1 could regulate cell fate if its PrLD was replaced with the 

PrLD of another TF.  Substitution of the Wor1 PrLD with that from the white-opaque regulator 

Czf1 or that from TAF15, a mammalian FET family TF, generated chimeric proteins that were 

still fully functional in white-to-opaque switching.  These experiments reveal that negatively 
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charged residues and aromatic residues in the PrLD are critical for Wor1 function, and that 

PrLDs from other TFs can substitute for the native PrLD despite lacking any substantial 

sequence homology. 

 

Formation of C. albicans TF condensates at genomic loci in live cells  

To determine if C. albicans white-opaque TFs form condensates in a cellular 

environment, we tested their heterologous expression in a mammalian cell line that has been 

used for monitoring LLPS in vivo8,58.  In this system, U2OS cells containing ~50,000 copies of 

the Lac operator (LacO) are used to recruit proteins fused to the Lac repressor (LacI)8,59.  We 

tested expression of PrLDs from Efg1, Czf1, Wor1 or Wor4 fused to LacI-EYFP and found that 

each formed bright foci at the LacO array, as well as smaller puncta throughout the nucleus (Fig. 

5a, b).  These PrLDs generated structures at the LacO array that were visible by DIC microscopy 

(Fig. 5b), suggesting that the mass density/refractive index of these assemblies distinguishes 

them from their environment, as observed with foci formed by human TFs8.  Importantly, 

analysis of LacO-associated hubs showed that foci associated with C. albicans PrLDs were 

significantly larger and brighter than foci formed by LacI without a PrLD, as well as larger than 

foci formed by Ahr1 which lacks a PrLD (Fig. 5c).  This indicates that PrLD-PrLD interactions 

enhance protein recruitment to the LacO array.  Additionally, LacI fused to Efg1, Czf1, Wor1 or 

Wor4 PrLDs produced additional puncta throughout the nuclei, while LacI alone did not, 

establishing that these PrLDs can seed self-assembly independent of the LacO array (Fig. 5b).  

To examine whether PrLD-mediated foci involved LLPS, U2OS cells were treated with 

10% 1,6- or 2,5-hexanediol.  When cells were treated with 1,6-hexanediol, foci formed by C. 

albicans PrLDs at LacO arrays shrank in both size and brightness, while smaller nuclear puncta 
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disappeared completely with time scales ranging from 30 seconds (Wor4) to 6 minutes (Efg1) 

(Fig. 5d).  Efg1-, Czf1-, Wor1- and Wor4-containing foci were not affected by 2,5-hexanediol to 

the same extent as 1,6-hexanediol, consistent with foci forming via liquid-liquid demixing (Fig. 

5e). 

To dissect the amino acid residues contributing to condensate formation, several Wor1 

PrLD variants tested for functionality in C. albicans were evaluated for their properties in U2OS 

cells (Fig. 4).  Interestingly, the KR-to-G and ∆polyNQ PrLD variants that were functional in C. 

albicans showed similar condensate formation to the wildtype PrLD (Fig. 5f, g).  In contrast, 

however, the non-functional DE-to-A variant showed no increase in the size of the LacO-

associated signal relative to LacI alone and displayed significantly decreased fluorescence 

intensity at the array compared to the wildtype PrLD and other variants (Fig. 5f, g).  These 

results reveal that the Wor1 DE-to-A mutant that is defective in driving white-to-opaque 

switching in C. albicans cells is also defective in condensate formation in mammalian cells. 

 

PrLDs mediate heterotypic interactions between C. albicans TFs in vivo  

PrLDs from white-opaque TFs were tested for their ability to mediate homotypic and/or 

heterotypic interactions using U2OS cells.  For these experiments, PrLDs were fused to EYFP-

LacI or mCherry and expressed in U2OS cells containing the synthetic LacO array.  Using this 

approach, PrLD-mCherry fusion proteins will show enrichment at the LacO array only if 

recruited by interactions with PrLD-LacI-EYFP proteins.  

Given that PrLDs from white-opaque TFs increase the size of LacI foci formed at the 

LacO array, we predicted that homotypic interactions would occur between these PrLDs (Fig. 

5b).  In line with this, homotypic interactions were detected between the two Efg1-PrLD 
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constructs, as well as between the two Czf1-PrLD constructs (Fig. 6a, b).  Moreover, heterotypic 

interactions were detected between the Czf1, Wor1 and Wor4 PrLDs fused to LacI-EYFP and 

Efg1-PrLD-mCherry, indicative of interactions between PrLDs from different TFs (Fig. 6a, b).  

Recruitment via PrLDs was not limited to the LacO array as additional nuclear puncta were 

observed that contained both EYFP and mCherry signals (e.g., see Efg1-Efg1 and Wor1-Efg1 

interactions in Fig. 6a). 

Potential interactions between C. albicans PrLDs with those in human TFs were also 

examined.  The human FET TF family includes FUS, TAF15 and Sp1 that can form phase-

separated condensates5-8.  Previously, the FUS PrLD was shown to form heterotypic interactions 

with PrLDs from other FET family TFs but not with the Sp1 PrLD8.  Interestingly, Efg1 PrLDs 

formed heterotypic interactions with the FUS PrLD, as Efg1-PrLD-mCherry was recruited to 

FUS-PrLD-LacI-EYFP at the LacO array and these proteins also co-localized at other sites in the 

nucleus (Fig. 6b).  In contrast, PrLDs from Czf1, Wor1 and Wor4 failed to interact with FUS 

and an Sp1-PrLD-fusion protein did not recruit Efg1- or Czf1-PrLD proteins (Fig. 6b).  These 

results show that C. albicans PrLDs can promote co-assembly of fungal TF complexes, as well 

as support interactions between fungal TFs and a subset of their mammalian counterparts. 

Finally, we tested whether the DE-to-A substituted Wor1 PrLD that is defective in 

condensate formation and white-opaque switching  could recruit other PrLDs to the LacO array 

in U2OS cells (Fig. 5f, g; Fig. 4).  Strikingly, this variant was completely defective in recruiting 

Efg1-PrLD-mCherry to the LacO array (Fig. 6c).  This establishes that a mutant PrLD defective 

in phase separation is unable to co-recruit other TF PrLDs, and is consistent with a role for phase 

separation in the transcriptional control of fungal cell fate. 
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Discussion   

How does a highly interconnected network of TFs regulate cell identity?  This question is 

a clinically relevant one for C. albicans, where transitions between cell states modulate 

interactions with its human host19-22.  Here, we reveal that the TFs regulating the C. albicans 

white-opaque switch contain PrLDs that promote LLPS and propose that this is integral to their 

function in regulating fungal cell fate. 

  We demonstrate that C. albicans white-opaque TFs can form multifactorial condensates 

and show this both on single DNA molecules in vitro and in live eukaryotic cells.  Critically, 

deletion or mutation of PrLDs blocks LLPS and the assembly of TF complexes, and 

concomitantly abolishes TF function.  In particular, substitution of 8 acidic residues within the 

Wor1 PrLD disrupted its function in C. albicans cells and also blocked condensate formation in 

mammalian cells.  This is consistent with electrostatic interactions being an important driver of 

LLPS in intrinsically disordered regions (IDRs) including those of mammalian TFs43,54,56,57. 

Wor1 function is therefore predicted to be highly sensitive to phosphorylation events that 

introduce additional negative charges, aligning with other IDRs where phosphorylation 

modulates LLPS60.  It is also striking that the Wor1 PrLD can be substituted for PrLDs from 

other TFs (either fungal or mammalian) and its functional role retained, indicating that some 

PrLDs are interchangeable despite no clear conservation between their primary sequences. 

A phase separation model for TFs in regulating white-opaque cell fate is consistent with 

previous studies in C. albicans.  First, the occupancy of white-opaque TFs at a given locus 

correlates with the number of different TFs bound to that locus, suggesting that cooperative 

interactions increase TF recruitment to the DNA27.  Second, multiple white-opaque TFs bind to 

highly overlapping positions in the genome despite a paucity of DNA binding motifs, further 



 68 

suggesting that TFs are recruited, at least in part, by protein-protein interactions (Fig. 1)27.  

Third, the white-opaque switch is extremely sensitive to perturbations in TF levels including 

those of WOR1, consistent with the threshold effects that accompany phase separation events61,62.  

These studies support a model whereby LLPS enables co-recruitment of TFs to key regulatory 

regions in the C. albicans genome.  In mammalian cells, TFs have been shown to activate 

transcription by recruiting RNA polymerase II, cofactors and Mediator into complex 

condensates3,7,8,58,63,64.  It should be noted, however, that the precise relationship between TFs, 

condensate formation and gene activation remains to be determined, with some studies indicating 

that transcription is driven by transient complexes rather than the formation of stable, phase-

separated condensates58,65. 

Finally, we highlight parallels between the TRN regulating white-opaque fate with other 

TRNs both in C. albicans and in mammals.  For example, the biofilm TRN in C. albicans 

exhibits extensive genetic interactions between multiple TFs, many of which also contain 

PrLDs66,67.  We therefore predict that PrLD-PrLD interactions similarly contribute to the 

regulation of biofilm formation, and that inhibition of these interactions represents a novel 

approach for treatment of C. albicans infections.  Close parallels with mammalian TRNs are also 

noted where high concentrations of TFs and cofactors can assemble at ‘super-enhancers’, and 

these elements are integral to the control of cell identity3,9,11,14,63.  As with the C. albicans white-

opaque TRN, super-enhancers are characterized by their unusually large size and sensitivity to 

perturbation9,11.  We therefore propose a conserved role for LLPS of TFs at ‘super-enhancer-like’ 

regulons and that cell fate determination mechanisms are shared from fungi to man. 

  



 69 

Materials and Methods 

Motif analysis 

Motif analysis was performed using MochiView and previously published position-

specific affinity matrices (PSAM) and position-specific weight matrices (PSWM)68. Briefly, the 

regions flanking the genes shown in Fig. 1d and Extended Data Fig. 1 were scanned for partial 

or complete matches to the Wor1, Wor2, Wor3, Czf1 and Efg1 PSAM matrices, which were 

derived from mechanically induced trapping of molecular interactions (MITOMI 2.0) in vitro 

binding data27,30), and the Ahr1 PSWM which was derived from ChIP-chip data27. Motif hit 

scores were then binned based on their percentage of the maximum possible score for each motif 

(1.0 for MITOMI-derived PSAMs, and 7.37 for the ChIP-chip-derived Ahr1 PSWM). 

 

Plasmid construction 

 Ahr1, Efg1, Czf1, Wor1 and Wor4 ORF sequences were codon optimized for expression 

in E. coli.  These synthetic ORFs were cloned into pRP1B-MBP/THMT (pRB523) using 

NdeI/XhoI to create plasmids pRB515, pRB514, pRB516, pRB512 and pRB549, respectively7,69.  

A chimeric Wor1 construct was generated by combining the DBD of C albicans Wor1 with the 

PrLD of C. maltosa Wor1.  The CaWor1 DBD was PCR amplified from pRB512 using oligos 

4260/4261 and the CmWor1 PrLD was amplified from a codon-optimized sequence cloned into 

pUC57 (pRB791, Gene Universal) using oligos 4268/4269.  A PCR fusion product between 

CaWor1-DBD and CmWor1-PrLD was generated using oligos 4260/4269 by Splicing by 

Overlap Extension (SOE)-PCRand cloned into pRB523 with NdeI/XhoI to create pRB83870. 

PrLD deletion plasmids for bacterial expression were constructed by PCR amplifying 

fragments of the full-length E. coli-optimized ORFs and cloning into pRB1B-MBP using 
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NdeI/XhoI.  pMBP-Wor1ΔC (pRB592) was created by amplifying the Wor1 DBD (aa1-321) 

from pRB512 using oligos 3890/3891.  MBP-Czf1ΔN (pRB596) was created by amplifying the 

DBD of Czf1 (aa260-385) from pRB516 using oligos 3894/3895.  pMBP-Efg1ΔN (pRB594) 

was created by amplifying the DBD and C-terminal PrLD (aa181-554) from pRB514 using 

oligos 3896/3813.  pMBP-Efg1ΔC (pRB593) was created by amplifying the N-terminal PrLD 

and DBD of Efg1 (aa1-356) from pRB514 using oligos 3812/3893.  pMBP-Efg1ΔNC (pRB595) 

was created by amplifying the Efg1 DBD (aa181-356) from pRB514 using oligos 3892/3893.  

pMBP-Wor4ΔN (pRB597) was created by amplifying the DBD and C-terminal PrLD (aa165-

401) of Wor4 from pRB549 using oligos 3896/3897.  pMBP-Wor4ΔC (pRB598) was created by 

amplifying the N-terminal PrLD and DBD of Wor4 (aa1-246) from pRB549 using oligos 

3898/3899.  pMBP-Wor4ΔNC (pRB588) was created by amplifying the DBD of Wor4 (aa165-

246) from pRB549 using oligos 3896/3899. 

pMBP-GFP-PrLD fusions for Wor1, Efg1, Czf1 and Wor4 were constructed so that the 

fluorescent protein replaces the DBD, using the same PrLD regions described above.  To create 

pMBP-Wor1[GFP-C] (pRB719) the C-terminal PrLD of Wor1 was PCR amplified with oligos 

4059/4060 from pRB512 and GFP was PCR amplified from pSJS1488 (a gift from Steven 

Sandler, UMass Amherst) with oligos 4057/4058.  The two fragments were combined using 

SOE-PCR with oligos 4057/4060, and the product cloned into pRB1B-MBP with NdeI/XhoI.  

The insert of pMBP-Efg1[N-GFP-C] (pRB717) was created by first PCR amplifying three 

overlapping fragments: N- and C-terminal Efg1 PrLDs were amplified from pRB514 using 

oligos 4051/4052 and 4055/4056, respectively, and GFP was amplified from pRB690 using 

4053/4054.  The N-terminal PrLD was fused to GFP using SOE-PCR with oligos 4051/4054 and 

the C-terminal PrLD was fused to GFP by SOE-PCR using oligos 4053/4056.  The former PCR 
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product was digested with NdeI/MfeI and the latter product with MfeI/XhoI and both cloned into 

pRB1B-MBP digested with NdeI/XhoI.  pMBP-Efg1[N-GFP] (pRB883) was created by PCR 

amplifying the N-terminal PrLD of Efg1 and GFP from pRB717 using oligos 4455/4456, 

digesting with NheI/XhoI and cloning into pRB523.  pMBP-Efg1[GFP-C] (pRB885) was created 

by PCR amplifying GFP and the C-terminal PrLD of Efg1 from pRB717 using oligos 

4457/4056, and cloning into pRB523 with NheI/XhoI.  pMBP-Czf1[N-GFP] (pRB919) was 

created by SOE-PCR fusion of the Czf1 N-terminal PrLD amplified from pRB516 (oligos 

4466/4534) with GFP amplified from pRB690 (oligos 4458/4464).  Fusion PCR was conducted 

using oligos 4466/4464.  The PCR product was cloned into pRB1B-MBP with NheI/XhoI.  The 

pMBP-Wor4[N-GFP-C] (pRB887) insert was created by SOE-PCR of three fragments: the Wor4 

N-PrLD amplified from RB549 (oligos 4460/4461), GFP from RB690 (oligos 4458/4459) and 

the Wor4 C-PrLD from RB549 (oligos 4462/4463).  Fusion PCR was conducted using oligos 

4460/4463 and the product cloned into pRB1B-MBP with NheI/XhoI. pMBP-Wor4[N-GFP] 

(pRB889) was generated by SOE-PCR of two fragments using oligos 4460/4464.  The N-

terminal PrLD was PCR amplified from pRB549 (oligos 4460/4461) and GFP amplified from 

pRB690 (oligos 4458/4464).  The resulting fusion product was cloned into pRB523 using 

NheI/XhoI.  pMBP-Wor4[GFP-C] (pRB891) was created by SOE PCR of two fragments with 

oligos 4465/4463.  GFP was PCR amplified from pRB690 (oligos 4465/4459) and the C-terminal 

PrLD was amplified from pRB549 (oligos 4462/4463).  The fusion product was cloned into 

pRB523 with NheI/XhoI.  pMBP-GFP (pRB723) was created by PCR amplifying GFP from 

pRB690 (oligos 4122/4123) which was cloned into pRB523 with NheI/XhoI.   

  For inducible expression of white-opaque TF regulators in C. albicans, ORFs were 

cloned under the control of the MAL2 or MET3 promoter.  pMAL2-Wor1 (pRB488) was created 
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by PCR amplifying the MAL2 promoter (oligos 3455/3456) and the WOR1 ORF (oligos 

3457/3458) and assembling these fragments by SOE-PCR.  The resulting PCR product was 

cloned into pSFS2A using ApaI/XhoI71.  To create pMAL2 driving CaWor1DBD/CmWor1PrLD 

expression (pRB843) the insert was assembled by SOE-PCR.  The CaWor1 DBD was PCR 

amplified from SC5314 gDNA (oligos 4155/4156) and the CmPrLD was amplified from Xu316 

gDNA using (4368/4369).  Fragments were fused by PCR (oligos 4155/4369) and cloned into 

pRB505 (pMal2-Efg1-myc) with ApaI/ XmaI.  pRB505 was constructed by PCR amplifying 

pMAL2 (oligos 3357/3358), the EFG1 ORF (oligos 3541/3542) and a myc tag sequence from 

pMG190572 (oligos 3539/3540) and cloning the 3 PCR fragments into pSFS2A with 

KpnI/BamHI.  Additional pMAL2-regulated constructs were cloned into pRB505 as ApaI/XmaI 

fragments; Wor1ΔC was PCR amplified from pRB488 (oligos 4155/4156) to create pRB760, 

Czf1 was amplified from pNim1-Czf1 (a gift from J. Morschhauser, U. Wurzburg) (oligos 

4009/4011) to create pRB652, Czf1ΔN was amplified from pNim1-Czf1 (oligos 4010/4011) to 

create pRB653, Wor4 was amplified from pRB605 (pNim1-Wor4)  (oligos 4157/4158) to create 

pRB755, Wor4ΔN was amplified from pRB605 (oligos 4158/4159) to create pRB757, Wor4ΔC 

was amplified from pRB605 (oligos 4157/4160) to create pRB758 and Wor4ΔNC was amplified 

from pRB605 (oligos 4159/4160) to create pRB770.    

pMET3-CaWor1-GFP (pRB1305) was created by a three-way ligation between the Wor1 

ORF amplified from pRB488 using oligos 5778/5785 and digested with XmaI/KpnI, GFP 

amplified from pRB137 using oligos 5789/5790 digested with KpnI/HindIII, and pRB157 

digested with XmaI/HindIII.   pMET3-CaWor1DBD/CmWor1PrLD-GFP (pRB1307) was 

created by a three-way ligation between the CaWor1DBD/CmWor1PRD ORF from pRB843 

using oligos 5778/5786 and digested with XmaI/KpnI, GFP amplified from pRB137 using oligos 
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5789/5790 digested with KpnI/HindIII and pRB157 digested with XmaI/HindIII.   pMET3-

CaWor1DBD/ CmWor1PrLDΔ260 (pRB1443) was created by amplification of DBD and 52 

amino acids of the PRLD from pRB843 using oligos 5778/6222 and cloned into pRB1309 using 

KpnI/XmaI.  pRB1309 was constructed identically to pRB1305 except with the Czf1 ORF 

amplified from pRB1142 using oligos 5781/5787.    pMET3-CaWor1DBD /CmWor1PrLD(KR-

to-G)-GFP (pRB1489) insert was created by SOE-PCR of the DBD of CaWor1 from pRB1442 

using oligos 5778/6234 and the PrLD of CmWor1 with KR-to-G substitutions amplified from 

pRB1455 using oligos 4368/5786.  Note that PrLD substitutions were created using the 

endogenous CmWor1PrLD sequence with the residues in question substituted to the most 

common codon for the amino acid replacements.  PCR fusion was conducted using oligos 

5778/57886, the resulting fragment cloned into pRB1309 with XmaI/KpnI.  pMET3-

CaWor1DBD /CmWor1PrLD(ΔpolyNQ)-GFP (pRB1491) was created by SOE PCR of the 

CaWor1 DBD as above, with the CmWor1PRLD amplified from pRB1459, in which all 

stretches of three or more Q and/or N residues were deleted, using oligos 6236/6237.  PCR 

fusion was conducted using oligos 5778/6237, and the resulting fragment cloned into pRB1309 

with XmaI/KpnI.   pMET3-CaWor1DBD/CmWor1PrLD(YF-to-S)-GFP (pRB1495) was created 

by SOE-PCR of the CaWor1DBD as described above, and the CmWor1PrLD containing YF to S 

substitutions from was amplified from pRB1457 using oligos 4268/6235.  PCR fusion was 

conducted using oligos 5778/6235, the resulting insert cloned into pRB1309 using XmaI/KpnI.  

pMET3-CaWor1DBD/CmWor1PrLD(DE-to-A)-GFP (pRB1424) was constructed by SOE PCR 

of the CaWor1DBD as described above, and the PrLD of CmWor1 containing DE-to-A 

substitutions amplified from pRB1242 using oligos 4368/6125.  PCR fusion was conducted 

using oligos 5778/6125 and cloned into pRB1309 using XmaI/KpnI.  pMET3-
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CaWor1DBD/TAF15PrLD (pRB1485) was constructed by SOE-PCR using the CaWor1DBD 

amplified as described above and the PrLD of human TAF15 amplified from pRB1210 using 

oligos 6248/6249.  Fusion was conducted using oligos 5778/6249, the resulting insert was 

digested with XmaI/KpnI and ligated into pRB1309.  pMET3-CaWor1DBD/CaCzf1PrLD-GFP 

(pRB1487) was created by SOE PCR.  The CaWor1 DBD was amplified as above, and the 

CaCzf1 PrLD was amplified from pRB1309 using oligos 6250/6251.  Fusion was conducted 

using oligos 5778/6251 and the resulting insert cloned into pRB1309 using KpnI/XmaI. 

Plasmids for expression of C. albicans TF PrLDs with EYFP/LacI or mCherry for 

expression in U2OS cells were constructed using sequences codon-optimized for expression in 

E. coli as C. albicans CUG codons would be mistranslated to leucine in U2OS cells.  pEYFP-

Efg1-PrLD-LacI (pRB1222) was constructed by fusion PCR of three fragments; the N-terminal 

PrLD of Efg1 was PCR amplified from pRB514 (oligos 5578 and 5579), EYFP from pRB1208 

(oligos 5580/5581) and the C-terminal PrLD of Efg1 from pRB514 (oligos 5578/5583).  SOE-

PCR was conducted on the three fragments using oligos 5578/5583 and the resulting produce 

cloned into pRB1208 with NheI/BspEI.  To create pEYFP-Ahr1-LacI (pRB1503) the ORF of 

Ahr1 lacking the DBD was amplified using oligos 6269/6270 from pRB515, the insert digested 

using BsrGI/XmaI and ligated into pRB1209 digested with BsrGI/BspEI.  pEYFP-CmWor1-

PrLD-LacI (pRB1410) was created by amplification of the CmWor1PrLD from pRB838 using 

oligos 6117/6118 and cloned into pRB1208 with BsrGI/BspEI.   pEYFP-CmWor1PrLD(DE-to-

A)-LacI (pRB1501) was created by amplifying the CmWor1PrLD with DE-to-A substitutions 

from pRB1461 using oligos 6244/6245, and cloned into pRB1208 with BsrGI/BspEI.  pEYFP-

CmWor1PrLD(KR-to-G)-LacI (pRB1497) was created by amplifying the CmWor1PrLD with 

KR-to-G substitutions from pRB1456 using oligos 6240/6241, and cloning into pRB1208 using 
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BsrGI/BspEI.   pEYFP-CmWor1PrLD(ΔpolyNQ)-LacI (pRB1499) was created by amplifying 

the CmWor1 PrLD from pRB1460, where all stretches of three or more N and/or Q residues 

were deleted, using oligos 6242/6243, and cloning the insert into pRB1209 with BsrGI/BspEI.  

pEYFP-Czf1-PrLD-LacI (pRB1216) was constructed by amplifying the Czf1 PrLD from 

pRB516 (oligos 5575/5576), and cloning into pRB1208 with BsrGI/BspEI.  pEYFP-Wor4-PrLD-

LacI (pRB1266) was constructed by fusion of the N-terminal Wor4 PrLD (amplified from 

pRB549 with oligos 5671/5672), EYFP (amplified from pRB1208 with oligos 5673/5674) and 

the C-terminal Wor4 PrLD (amplified from pRB549 with oligos 5675/5676).  SOE-PCR joined 

the three fragments (using oligos 5673/5676) and the product cloned into pRB1208 with 

NheI/BspEI.  pmCherry-Efg1-PrLD (pRB1224) was constructed by PCR fusion of the N-PrLD 

of Efg1 (amplified from pRB514 with oligos 5578/5579), mCherry (amplified from pRB1207 

using oligos 5580/5581) and the C-terminal PrLD of Efg1 (amplified from pRB514 using oligos 

5578/5584).  The three fragments were joined by SOE-PCR using oligos 5578/5584 and the 

resulting product cloned into pRB1207 with NheI/BspEI.  pmCherry-Czf1PrLD (pRB1218) was 

constructed by amplifying the Czf1 PrLD from pRB516 using oligos 5575/5577, and cloned into 

pRB1207 with BsrGI/BspEI. 

 

Candida albicans strain construction 

Plasmids containing pMAL2-driven ORFs were digested with AflII for targeting to the 

endogenous MAL2 locus and transformed using the lithium acetate/PEG/heatshock method. 

Integration of pMAL2-WOR1 (pRB488) into a wor1Δ/Δ strain (CAY189) to create strains 

CAY7593/7594 was confirmed by PCR with oligos 317/3727, pMAL2-WOR1ΔC (pRB760) was 

transformed into a wor1Δ/Δ strain (CAY189) to create strains CAY8507/8508 and checked by 
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PCR with oligos 3727/3946, pMAL2-CZF1 (pRB652) was transformed into a czf1Δ/Δ strain 

(CAY191) to create strains CAY7956/7957 and checked by PCR with oligos 3727/3722, and 

pMAL2-CZF1ΔN (pRB653) transformed into CAY191 to create strains CAY7958/7959 and 

checked by PCR with oligos 3727/4011.  Integration of pMAL2-WOR4 (pRB755) to create 

CAY8502, pMAL2-WOR4ΔN (pRB757) to create CAY8503/8504, pMAL2-WOR4ΔC (pRB758) 

to create CAY8505/8506 and pMAL2-WOR4ΔNC (pRB770) to create CAY8557/8558 were 

conducted in a wor4Δ/Δ strain background (CAY7409) and were all checked by PCR using 

oligos 3727/3905.  

Plasmids with pMET3-driven ORFs were linearized using AflII and integrated into the 

MET3 locus in strain RBY1177 (MTLa/a) and integration PCR checked using oligos 317/6007 or 

1063/377.   pMET3-CaWor1-GFP (CAY11704/11705) used pRB1305, pMET3-

CaWor1DBD/CmWor1PrLD-GFP (CAY11706/11707) used pRB1307, pMET3-

CaWor1DBD/CmWor1PrLDΔ260 (CAY11736/11737) used pRB1443, pMET3-

CaWor1DBD/CmWor1PrLD(KR-to-G)-GFP (CAY11776/11777) used pRB1489,  pMET3-

Wor1DBD /CmWor1PrLD(ΔpolyNQ)-GFP (CAY11778/11779) used pRB1491, pMET3-

CaWor1DBD/CmWor1PrLD(YF-to-S)-GFP (CAY11780/11781) used p1493, pMET3-

CaWor1DBD/CmWor1PrLD(DE-to-A)-GFP (CAY11712/11713) used pRB1425, pMET3-

CaWor1DBD/TAF15PrLD (CAY11772/11773) used pRB1485, and pMET3-

CaWor1DBD/CaCzf1PrLD (CAY11774/11775) used pRB1485. 

 

White-opaque cell determination assays 

For pMAL2-driven constructs, cells in the white phenotypic state were cultured overnight 

in liquid YPD medium at 30°C.  Cells per milliliter was estimated using optical density with 1 
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OD600 = 2x107 cells/ml.  Cultures were serially diluted in PBS to 2x103 cells/ml and 

approximately 100 cells were spread-plated in duplicate on Synthetic Complete-Dextrose (SCD) 

and SC-maltose media.  Plates were incubated at 22°C for seven days the colonies were counted 

and scored for the presence of opaque sectors.  For pMET3-driven constructs, white state cells 

were grown on Synthetic Dropout medium containing 5 mM Methionine and Cysteine 

(SD+MET), suspended in PBS, serially diluted, then plated on synthetic dropout medium lacking 

these amino acids (SD-Met) and SD+Met , and incubated at 22°C for seven days before scoring 

for the presence of opaque colonies and sectors73.  

 

Candida cell imaging 

 Cells were grown for two days on SD+MET then used to inoculate 3 ml cultures in SD-

MET and SD+MET which were then incubated at 22°C for 18 hours.  200 µl of each culture 

were diluted 1:5 in fresh media and 10 µl of 1 mg/ml Hoechst 33258 was added.  After 20 

minutes with shaking, cells were pelleted and resuspended in 100 µl of fresh media.  Cells were 

imaged using a Zeiss Axio Observer Z1 inverted fluorescence microscope for fluorescence and 

DIC imaging equipped with Zen software (Zen 3.0 blue edition). 

 

Protein purification 

 His-MBP fusion protein constructs were transformed into BL21 (DE3) Star E. coli cells 

for expression.  Cells were grown at 37°C overnight then diluted 1:100 into fresh LB media, 

cultured at 37°C until they reached an optical density of 0.5-0.7 OD, and then induced with 1 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG).  Induction conditions for most MBP-fusion 

proteins were 30°C for 4 h with the exception of MBP-Wor1 (30°C, 8 h), MBP-Efg1 (25°C, 
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overnight), MBP-Wor4 (18°C, 8 h), MBP-Efg1[N-GFP-C] (25°C, 4 h) and MBP-Wor1[GFP-C] 

(25°C, 4 h).  For the majority of purified proteins, cells were lysed with lysozyme followed by 

sonication in lysis buffer consisting of 10 mM, Tris pH 7.4, 1 M NaCl, 1 mM PMSF and a 

protease inhibitor cocktail (ThermoFisher Pierce Protease Inhibitor).  For purification of MBP-

Czf1, MBP-Czf1ΔN, MBP-Efg1ΔN, MBP-Efg1ΔC, MBP-Wor4ΔN, MBP-Wor4ΔC, MBP-

Wor4ΔNC and MBP-GFP, cells were lysed for thirty minutes at 22°C using 4 ml of B-PER 

(supplemented with 1 M NaCl) per gram of E. coli pellet wet weight.  B-PER is Bacterial Protein 

Extraction Reagent (ThermoFisher).  Proteins were purified by nickel affinity chromatography, 

followed by size exclusion using a Sephacryl S300 26/60 column (GE).  Fractions were 

concentrated using Amicon Ultra 50K concentrators (Millipore) and snap frozen in liquid 

nitrogen.  The MBP-CaWor1-DBD/CmWor1-PrLD protein was concentrated using a Pierce PES 

concentrator (ThermoFisher). 

 

PLAAC analysis 

Protein sequences were analyzed by PLAAC (Prion-like Amino Acid Composition; 

http://plaac.wi.mit.edu/)41. 

 

Phase separation assays  

Protein stocks were thawed at 22°C and diluted in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl.  

Aliquots were further concentrated in centrifugal filter units (Amicon Ultra – 0.5 mL centrifugal 

filter units) to 100 µl volumes.  Protein concentration was measured with a Nanodrop 2000c 

(ThermoFisher) and diluted in 10 mM Tris-HCl buffer with 150 mM NaCl to appropriate 

concentrations, as indicated for each assay.  Protein reactions with TEV were set up in 10 µl total 
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volumes (9.5 µl protein with 0.5 µl of 0.3 mg/ml TEV) and incubated for 30 min at 22°C.  Where 

noted, 5% PEG-8000 was also included in reactions.  Fluorescent labeling of proteins with Dylight 

Fluorophore Dyes (ThermoFisher Dylight NHS Esters 488, 633, 405, 550) was carried out per 

manufacturer’s instructions after buffer exchange into 10 mM sodium phosphate buffer, pH 7.5, 

150 mM NaCl using Amicon Ultra 0.5 filter units.  Labeled proteins were added to assays at 

indicated concentrations prior to TEV incubation.  For DNA phase separation assays, lambda 

phage DNA (ThermoScientific Lambda DNA) or C. albicans SC5314 genomic DNA (gDNA) was 

diluted in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and added to indicated proteins at a final 

concentration of 9.4 nM or 50 nM, respectively, before TEV incubation.  Proteins were imaged 

immediately following incubation on chamber slides (Polysciences 10-chamber slides), with 2.5 

µl solution per chamber, sealed using a glass coverslip.  All images were acquired at 63X initial 

magnification with a Zeiss Axio Observer Z1 inverted fluorescence microscope for fluorescence 

and DIC imaging, or at 60X initial magnification with an Olympus FV3000 Confocal Microscope. 

The Zeiss microscope was equipped with AxioVision software (version 4.8) and Zen software 

(version 3.0 blue edition), and the Olympus microscope was equipped with CellSens software 

(version 1.17).  For time-lapse imaging of droplet fusion events, proteins were imaged under DIC 

or the appropriate channel for each DyLight dye detailed above at the indicated conditions and 

images acquired every second (Efg1 and Efg1 bulk with DyLight labeled proteins) or every 10 

seconds (Czf1). Post-imaging processing was carried out in FIJI (ImageJ version 1.52p).  

 

Hexanediol treatment of TF condensates 

Protein stocks were prepared as detailed above, and digested with TEV prior to addition of 

hexanediol.  Following TEV incubation, proteins were treated with 1,6-hexanediol (Sigma-
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Aldrich) or 2,5-hexanediol (ThermoFisher) at 10% m/v concentrations in 10 mM Tris-HCl, pH 

7.4, 150 mM NaCl.  Hexanediol media was added to proteins in buffer, mixed well by pipetting 

up and down, and allowed to incubate at 22°C for 10 minutes.  Proteins were then immediately 

imaged as above. For Wor4, where noted, hexanediol was added to the protein stock prior to 

addition of 5% PEG-8000 and TEV.  The protein was incubated with hexanediol for 10 minutes 

at 22°C, after which time PEG and TEV were added and an additional 30-minute incubation was 

carried out.  The protein condensates were then immediately imaged. All images were acquired at 

63X initial magnification with a Zeiss Axio Observer Z1 inverted fluorescence microscope 

equipped with AxioVision software (version 4.8) and Zen software (version 3.0 blue edition). 

 

Partitioning of GFP-PrLD protein constructs into Efg1 droplets 

GFP-PrLD fusion proteins were concentrated in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

and then diluted in this buffer to 30 µM.  Efg1 was present at a 30 µM concentration in each assay, 

with the GFP-PrLD proteins added at a 1:10 dilution for a final concentration of 3 µM.  Proteins 

were incubated at 22°C for 30 minutes in 10 µl volumes and then imaged immediately in chamber 

slides.  Images were acquired at 63X initial magnification with a Zeiss Axio Observer Z1 inverted 

fluorescence microscope equipped with AxioVision software (version 4.8). Fluorescent signals 

were calculated with FIJI (ImageJ version 1.52p). In order to calculate enrichment ratios, mean 

fluorescence intensity signal per unit area inside each Efg1 condensate was divided by the mean 

fluorescence intensity signal per unit area outside of each condensate (after subtracting background 

fluorescence signal).  Background fluorescence was calculated with FIJI for images of Efg1 

condensates without the presence of GFP-PrLD protein constructs.  
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Mammalian cell culture, live-cell imaging, and LacO array analysis 

Human U2OS cells containing a LacO array (~50,000 LacO elements) were a gift from the 

Tjian Lab (Chong et al., 2018; Janicki et al., 2004).  U2OS cells were grown in low glucose DMEM 

(ThermoFisher) supplemented with 10% fetal bovine serum (ThermoFisher) and 1% penicillin-

streptomycin (ThermoFisher), and cultured at 37°C with 5% CO2.  For live-cell imaging, cells 

were plated in 24-well glass-bottom dishes (Cellvis), then transfected with the desired plasmid 

construct(s) using Lipofectamine3000 (ThermoFisher) and grown for 24 hours.  The media was 

changed to fresh DMEM and cells imaged with a Zeiss Axio Observer Z1 inverted fluorescence 

microscope for fluorescence (EYFP and mCherry) and DIC imaging at 40X magnification. The 

microscope was equipped with AxioVision software (version 4.8) and Zen software (version 3.0 

blue edition).  Post-imaging processing was carried out in FIJI (ImageJ version 1.52p).  

For quantification of the LacI-EYFP-PrLD constructs bound at the LacO array, a perimeter 

was drawn around each array spot in FIJI and then analyzed through the measurement tool for both 

array area and maximum fluorescence intensity.  Background fluorescence intensity was corrected 

for by subtracting fluorescence signal immediately outside of the array spot in the cell nucleus.  To 

quantify mCherry-PrLD enrichment at the LacO array bound by PrLD-LacI-EYFP constructs, we 

followed a method similar to that employed by Chong et al.8.  Briefly, the array spot was measured 

in the EYFP channel as above to determine array location, then the mCherry channel measured for 

maximum fluorescence intensity at the array (Ipeak).  Two locations immediately adjacent to the 

array in the mCherry channel were then measured and averaged (Iperiphery) to represent average 

background fluorescent signal in the cell nucleus.  The mCherry-PrLD enrichment at the LacO 

array was then calculated as the ratio of the peak signal divided by the background signal 

(Ipeak/Iperiphery).  When the ratio is above 1, it is indicative of PrLD-PrLD mediated interactions.  
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Hexanediol treatment of PrLD-mediated LacO array cellular condensates 

U2OS cells containing the LacO array and transfected with LacI-EYFP-PrLD constructs 

were treated with 1,6-hexanediol (Sigma-Aldrich) or 2,5-hexanediol (ThermoFisher).  These 

compounds were prepared in fresh, pre-warmed DMEM at 20% m/v concentrations.  U2OS cells 

were placed in 1 ml fresh DMEM in a 24-well glass-bottom dish, so that addition of 1 ml of 

hexanediol media yielded a final concentration of 10% 1,6- or 2,5-hexanediol.  Images were taken 

directly before addition of hexanediol media and then immediately after for a total of seven 

minutes, with images acquired every 10 seconds using a Zeiss Axio Observer Z1 microscope for 

fluorescence (EYFP) and DIC imaging at 40X magnification. The microscope was equipped with 

AxioVision software (version 4.8) and Zen software (version 3.0 blue edition). Time point t=0 

corresponds to cells directly before hexanediol addition, while t=30 corresponds to cells 30 

seconds after addition of the media.  Intranuclear condensates not associated with the LacO array 

were quantified by counting puncta in FIJI (ImageJ version 1.52p). 

 

Single-molecule experiments and analysis 

Microscope slides were microfabricated and assembled into flowcells as described 

previously50,74.  Single-molecule images were collected with a Nikon Ti-E inverted microscope 

customized with a prism-TIRF configuration.  Flowcells were illuminated by a 488 nm laser 

(Coherent).  Laser power was 40 mW at the front face of the prism.  Fluorescent images were 

collected by two EM-CCD cameras (Andor iXon DU897, -80°C) using a 638 nm dichroic beam 

splitter (Chroma).  Nikon NIS-Elements software (version 4.30.02) was used to collect the 

single-molecule data at a 250 ms frame rate.  All images were saved as TIFF files without 

compression for further image analysis in ImageJ (version 1.52p).  
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DNA substrates for single-molecule imaging: The cohesive ends of bacteriophage λ DNA (New 

England Biolabs; NEB) were ligated to oligonucleotides IF003 and IF004 to label DNA with 

biotin and digoxigenin, respectively52.  Following ligation, the DNA substrate was separated 

from the oligonucleotides and T4 DNA ligase via gel filtration on an S-1000 column (GE).  

Where indicated, nucleosomes were deposited onto this DNA substrate51.  For nucleosome 

reconstitution, the DNA substrate was mixed with sodium acetate (pH 5.5) to 0.3 M and 

isopropanol to 1:1 (v/v), then precipitated by centrifugation at 15,000 g for 30 minutes.  The 

invisible DNA precipitate was washed with 70% ethanol and dissolved in 2 M TE buffer (10 mM 

Tris–HCl, pH 8.0, 1 mM EDTA, 2 M NaCl) to obtain concentrated DNA at ~ 150 ng μL-1.  For 

reconstitution, 0.8 nM of the DNA was prepared in 2 M TE buffer with 1 mM DTT for a total 

volume of 100 μL.  Human histone octamers containing 3xHA-labeled H2A with wild-type 

H2B, H3, H4 were added to the DNA.  The mixture was dialyzed using a mini dialysis button 

(10 kDa molecular weight cutoff, BioRad) against 400 mL dialysis buffer (10 mM Tris-HCl pH 

7.6, 1 mM EDTA, 1 mM DTT, and gradually decreasing concentration of NaCl).  The salt 

gradient dialysis was started with 1.5 M NaCl at 4°C.  Dialysis buffer was exchanged every 2 

hours to decrease salt concentrations from 1 M to 0.2 M in 0.2 M steps.  The last 0.2 M NaCl 

buffer was used for overnight dialysis.   

Imaging DNA condensation by TFs: All single-molecule experiments were conducted in imaging 

buffer (40 mM Tris-HCl pH 8.0, 1 mM MgCl2, 0.2 mg mL-1 BSA, 50 mM NaCl, 1 mM DTT). 

DNA contraction was observed via a fluorescent signal on the digylated DNA ends.  These ends 

were fluorescently labeled by injecting 100 μL of 10 nM a-Dig antibodies (Life Tech, 9H27L19) 

and 700 μL of 2 nM a-rabbit antibody-conjugated quantum dots (QDs) (Life Tech, Q-11461MP) 

into the flowcell.  After labeling dig-ends of DNA, the single-tethered DNA molecules were 
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elongated by consistently applying 450 μL min-1 flow rate.  For TF-driven DNA condensation 

unless otherwise stated, 10–300 nM of the indicated TF was incubated with 100 μg μL-1 of TEV 

protease in 1 mL imaging buffer for 5 minutes at 22°C, then injected into the flowcell at a flow 

rate of 450 µL min-1.  The position of QD-labeled DNA ends was recorded for up to 20 minutes.  

Nucleosomes were labeled using a rabbit α-HA antibody (ICL, RHGT-45A-Z) against the 3xHA 

epitope on histone H2A followed by binding of an Alexa-488 conjugated α-Rabbit antibody 

(Thermo Fisher, A-11008). 

Observing TF recruitment via the prion-like domains: Double-tethered DNA curtains were used 

to determine whether TFs can interact via their PrLDs.  In this assay, the DNA is captured and 

extended between a chromium barrier and an a-Dig antibody deposited on a chromium 

pedestal74.  Keeping the DNA fully extended prevents TF-driven compaction.  Next, 300 nM of 

6xHis–MBP–Efg1 was first injected without TEV cleavage, then 300 nM GFP-Efg1∆DBD or 

GFP-Wor1∆DBD incubated with 100 μg/μL TEV for 5 minutes was injected onto the Efg1-

coated DNA molecules.   

Particle tracking and data analysis: Fluorescently-labeled DNA ends were tracked in ImageJ 

with a custom-written particle tracking script and the resulting trajectories were further analyzed 

in MATLAB (R2015a, Mathworks).  The time-dependent positions of DNA ends were 

determined by fitting a single fluorescent particle to a two-dimensional Gaussian distribution, 

and the series of sub-pixel positions were generated for each trajectory.  We conducted a two-

sample one-sided Kolmogorov-Smirnov (K-S) test to determine whether distributions of length 

or rate of DNA condensation differ based on protein concentration and the presence of 

nucleosomes or TEV protease using the PAST3 software package (version 3.24)75.  
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Statistical analysis 

Statistical methods were not used to predetermine sample sizes for any experiments 

throughout this study. No randomization or blinding was carried out during experiments or 

during analysis of results. At least ten images were taken for all microscopy imaging involving 

purified proteins and live cells, except for images acquired for FL Efg1 with GFP fusion proteins 

in which at least five images were taken. Each experiment was repeated at least twice to 

demonstrate reproducibility. Sample sizes were sufficient based on differences between different 

experimental groups, with P-values < 0.05 detected.  

All quantitative data shown in this study for bar graphs represents the mean ± S.D. Bar 

plots have been overlaid with individual data points whenever possible. Quantitative data for box 

and whisker plots represents all data points, maximum to minimum, with the central line 

corresponding to the median, the “+” corresponding to the mean, the 25-75th percentiles 

corresponding to the box, and the 95-5th percentiles corresponding to the whiskers. Data 

presented in box plots shows the median (central line) and 10-90th percentiles (ends of box). 

Individual data points are overlaid on the plots. 

All data points were recorded and taken into account for analysis to accurately represent 

biological and technical replicates for each experiment performed. Statistical analysis was 

carried out using GraphPad Prism software (version 8.4.2). Calculations for statistical 

significance were performed using the following tests: two-tailed unpaired Mann-Whitney U-

test; two-sample one-sided K-S test; ordinary one-way ANOVA with Dunnett’s multiple 

comparisons test; two-tailed unpaired t-test with Welch’s correction. Experiments were repeated 

at least twice unless otherwise noted and were reproducible throughout. 
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Data availability 

 Data that support the findings of this study are available from the corresponding author 
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Fig. 1. The white-opaque transcriptional network in C. albicans is regulated by multiple 
TFs containing prion-like domains (PrLDs). 
a, C. albicans cells can switch between two cell states with distinct colony and cellular 
morphologies. Representative images are shown for a strain expressing white-specific (pWH11-
mScarlet) and opaque-specific (pOP4-mNeonGreen) reporters in both white and opaque cell 
states.  DIC, differential interference contrast. Scale bar; 10 μm.  
b, White-to-opaque switching at the colony level. Image of a single C. albicans colony expressing 
white- and opaque-specific reporters after growth at 22°C for 7 days on SCD medium. Image 
shows a representative white colony with an opaque sector. Scale bar; 1 mm.  
c, Transcriptional network regulating the opaque state in C. albicans. Arrows represent direct 
binding interactions for TFs to the regulatory region of a given gene based on ChIP-chip/ChIP-
Seq data. Model adapted from previous studies, see refs.27-36.  
d, Top, Summary of ChIP-chip data for binding of network TFs to the WOR1 promoter and ORF. 
Solid lines indicate TF binding and dotted lines indicate controls. ChIP-chip binding shown for 
Wor1 (orange), Wor2 (pink), Wor3 (blue), Czf1 (green), Efg1 (purple) and Ahr1 (red). The WOR1 
ORF is represented by a purple box and a lighter purple box represents the untranslated region. 
Bottom, Positions of consensus DNA binding sites for each TF. The large circles represent motif 
hits with >75% of the maximum score, medium circles represent motif hits that have 50-75% of 
the maximum score, and small circles represent motif hits that have 25-50% of the maximum score. 
ChIP enrichment plot generated from data in refs.27,30,36 and motif analysis performed using data 
from refs.27,30. 
e, PLAAC analysis (Prion-like Amino Acid Composition) to identify PrLDs. A hidden Markov 
model (HMM) is used to parse protein regions into prion-like domains (PrLDs) and non-PrLDs on 
the basis of amino acid composition. Relative position of PrLDs and DNA binding domains (DNA-
BDs) is shown for the 8 master TFs that regulate white-opaque identity in C. albicans. 
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Fig. 2. C. albicans white-opaque TFs undergo phase separation in vitro. 
a, Images of protein droplets formed by Efg1, Wor1 (CaCmWor1), Wor4, and Czf1. Assays 
performed in 10 mM Tris-HCl buffer, pH 7.4, 150 mM NaCl, at 22°C following 30 min incubation 
with TEV. Wor1, Wor4, and Czf1 assays included 5% PEG-8000. Images represent a single 
experimental replicate, with assays carried out three times with similar results. Scale bar; 5 μm.  
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b, Time course of Efg1 (top) and Czf1 (bottom) undergoing droplet-droplet fusion events. Arrows 
indicate individual fusion events. Droplets formed using 15 μM of each TF in 10 mM Tris-HCl, 
pH 7.4, 150 mM NaCl. Samples were incubated at 22°C with TEV added for 30 min prior to 
imaging. Images represent a single time course, with assays repeated three times with similar 
results. Scale bar; 5 μm. 
c, Phase diagram of Efg1 phase separation events at the indicated salt and protein concentrations 
following TEV treatment at 22°C. Condensates indicate formation of circular liquid droplets. 
Aggregates indicate formation of clusters of droplets. 
d, Representative images of fluorescently labeled Efg1, Wor1 (CaWor1), Wor4, and Czf1 proteins 
compartmentalized within Efg1 condensates. Unlabeled Efg1 (15 μM) was allowed to form 
condensates in the presence of each of the fluorescently labeled proteins (37.5 nM) in 10 mM Tris-
HCl, pH 7.4, 150 mM NaCl. Proteins were pre-incubated at 22°C with TEV for 30 min. Dylight 
NHS-Ester labeling of the 4 proteins used fluors of 488, 550, 405, and 633 nm. Images represent 
a single experimental replicate, and assays were repeated three times with similar results. Scale 
bar, 5 μm for compartmentalization and 20 μm for droplet fusion events; images are maximum Z-
stack projections. Arrows indicate individual fusion events with images shown in 5 s intervals 
from a time range of 50–70 s during a total imaging time of 100 s.  
e, Phase separation analysis of Efg1, Wor1 (CaWor1), Wor4, and Czf1 in which PrLDs have been 
removed. Efg1 was utilized at 30 μM whereas Wor1, Wor4 and Czf1 were present at the 
indicated protein concentrations. Proteins were pre-incubated with TEV for 30 min at 22°C prior 
to analysis. Assays were performed in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and supplemented 
with 5% PEG-8000 for Wor1, Wor4 and Czf1. Images represent a single experimental replicate, 
with assays repeated three times with similar results. Scale bar; 5 μm. 
f, Images of Efg1 droplets formed with SC5314 genomic DNA (gDNA), phage lambda DNA (λ), 
and without addition of DNA. Assays performed in 10 mM Tris-HCl buffer, pH 7.4, 150 mM 
NaCl, at 22°C following 30 min incubation with TEV. Genomic DNA was included at a final 
concentration of 50 nM and phage lambda DNA was included at a final concentration of 9.4 nM. 
Images represent a single experimental replicate, with assays repeated twice with similar results. 
Scale bar; 5 μm. 
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Fig. 3. Efg1 condenses naked and nucleosome-coated single DNA molecules. 
a, Schematic of DNA curtains assay. DNA ends are fluorescently labeled with Qdot-conjugated –
Dig antibodies and the C. albicans TF Efg1 injected into the flowcell while keeping the DNA 
extended via buffer flow. 
b, Top four panels show representative kymographs of MBP-Efg1 (+/- TEV protease), MBP 
Efg1[N-GFP-C] (+TEV) and MBP-Efg1ΔNC (+TEV). All contain 300 nM Efg1 or variants on 
naked DNA molecules. The time point when Efg1 is injected into the flowcell is indicated with 
yellow dashed lines and the protein traverses the flowcell for a few minutes as its concentration is 
diluted by constant buffer flow. The rate and extent of DNA condensation is measured by tracking 
the fluorescent DNA end. The bottom panel shows MBP-Efg1ΔNC-GFP (+TEV) at a single time 
point establishing protein binding across an array of DNA molecules. At least two experiments 
were performed for each condition and all observed results are reproducible. 
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c, d, Rate (c) and degree (d) of DNA condensation expressed as a percent of the total DNA length, 
corresponding to respective kymograph conditions detailed above. Boxplots indicate the median 
(middle line), and 10-90th percentiles of the distribution (ends of boxes). Statistical analysis 
performed using a two-sample one-sided K-S test; P-values: * < 0.0001. N=30 (MBP-Efg1+TEV), 
N=33 (MBP-Efg1-TEV), N=28 (MBP-Efg1ΔNC-GFP+TEV).   
e, Efg1 bound to DNA can recruit other TFs via their PrLDs. DNA molecules are double-tethered 
to block Efg1-driven DNA condensation and 300 nM MBP-Efg1 was first incubated with the 
DNA. GFP-Efg1[N-GFP-C] or GFP-Wor1[GFP-C] was then injected with TEV protease. Images 
show recruitment of GFP-Efg1[N-GFP-C] (top) or GFP-Wor1[GFP-C] (bottom) to DNA-bound 
Efg1. At least two experiments were performed for each assay and all observed results are 
reproducible. 
f, A representative kymograph of Efg1 condensing nucleosome-coated DNA. Nucleosomes are 
shown in green and the fluorescently labeled DNA end is in magenta. The time point when Efg1 
is injected into the flowcell is indicated with yellow dashed lines. The rate and extent of DNA 
condensation is measured by tracking the fluorescent DNA end.. 
g, h, Quantification of contraction rate (g) and percentage of DNA condensed (h) using naked or 
nucleosome-containing DNA with different Efg1 concentrations. Boxplots indicate the median 
(middle line), and 10-90th percentiles of the distribution (ends of boxes). Statistical analysis 
performed using a two-sample one-sided K-S test; P-values: * < 0.0001; ** = 0.02, *** = 0.001; 
**** = 0.008; ***** = 0.01; ****** = 0.004; and ******* = 0.014. N=27, 26, 30 molecules 
(naked panel), and 26, 22, 24 molecules (nucleosomal panel).  
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Fig. 4. Deletion or mutation of PrLDs abolishes the function of C. albicans TFs in cell fate 
determination. 
a, Cell state switching assays. C. albicans white cells were analyzed for the frequency of switching 
to the opaque state. White cells were plated for single colonies on control non-inducing media or 
on inducing media. Colony phenotypes were analyzed after 7 days at 22°C. 
b-d, Effect of ectopic expression of WOR1 (b), CZF1 (c) or WOR4 (d) variants from the MAL2 
promoter on white-to-opaque switching frequencies. In each case TFs were expressed with or 
without the indicated N- or C-terminal PrLDs. Each TF was tested in the corresponding null mutant 
background (e.g., WOR1 variants were expressed in a strain that is a wor1Δ/Δ mutant). Center of 
the data represents the mean of the indicated independent experiments per strain, and error bars 
represent S.D. Comparisons were performed between the full-length induced constructs and the 
mutant induced constructs using a two-tailed unpaired t-test with Welch’s correction. P-values: * 
<0.0001; ** = 0.0010; *** = 0.0463; **** = 0.0470; ***** = 0.0465.  
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e, The C. albicans Wor1 DNA binding domain was fused to the PrLD of C. maltosa Wor1 with 
the indicated amino acid substitutions. Arrangement of Y/F and D/E residues in the PrLDs of 
human TAF15 and C. albicans Czf1 tested for their ability to replace the Wor1 PrLD. 
f, White-to-opaque switching frequency of indicated constructs expressed from the MET3 
promoter. Colony phenotypes were analyzed after 7 days at 22°C. Statistical comparisons were 
performed between different strains using a two-tailed unpaired t-test with Welch’s correction. P-
value: * < 0.0001. 
g, Relative GFP expression levels of CaCmWor1 PrLD substitutions and replacements. Images 
are representative of two independent experimental replicates that showed the same result. GFP 
and Hoechst histograms are set to equivalent levels. Scale bar; 5 μm. 
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Fig. 5. C. albicans PrLDs enable the formation of phase-separated condensates at a genomic 
array in live cells. 
a, Schematic of mammalian U2OS cells containing a LacO array used to recruit LacI or LacI-
PrLD-fusion proteins. 
b, Representative fluorescence microscopy and DIC images of U2OS cells containing the LacO 
array (indicated with a red circle) bound by the LacI-EYFP control, or by Ahr1-SD-LacI-EYFP, 
Efg1-PrLD-LacI-EYFP, Czf1-PrLD-LacI-EYFP, Wor1-PrLD-LacI-EYFP, or Wor4-PrLD-LacI-
EYFP. SD, structured domain; PrLD, prion-like domain. Scale bars; 10 μm. Note that the PrLD 
from C. maltosa Wor1 was used in these experiments (see Methods). 
c, Quantification of average size (top) and fluorescence intensity (bottom) of the LacO array bound 
by LacI-EYFP, Ahr1-LacI-EYFP, Efg1-PrLD-LacI-EYFP, Czf1-PrLD-LacI-EYFP, Wor1-PrLD-
LacI-EYFP, and Wor4-PrLD-LacI-EYFP. Fluorescence intensity calculated after subtraction of 
the LacI-EYFP background. Center of the data represents mean and error bars represent S.D. 
Statistical analysis was performed using ordinary one-way ANOVA with Dunnett’s multiple 
comparisons test, in which the mean value for each construct was compared to the mean of the 
control LacI construct. P-values: * = 0.0261; ** < 0.0001; *** = 0.0003; ns, not significant. n = 
25, with images analyzed from 25 individual cells for each construct. Experiments were repeated 
at least three times with similar results. 
d, e, Representative fluorescence microscopy images of Efg1, Czf1, Wor1, and Wor4 foci in U2OS 
cells containing a LacO array before and after treatment with (d) 10% 1,6-hexanediol or (e) 10% 
2,5-hexanediol. Scale bars; 10 μm. Error bars represent S.E.M. n = 3 for each construct in each 
condition tested, with cells analyzed from at least three separate experiments with similar results. 
Images of cells 420 s after treatment have been enhanced for brightness to better represent 
remaining puncta in the nucleus. 
f, Representative fluorescence microscopy and DIC images of U2OS cells containing the LacO 
array (indicated with red circle) bound by wildtype Wor1-PrLD-LacI-EYFP, or by indicated 
Wor1-PrLD-LacI-EYFP variants. Scale bars; 10 μm. 
g, Quantification of average size (top) and fluorescence intensity (bottom) of the LacO array bound 
by the wildtype Wor1-PrLD-LacI-EYFP or each indicated Wor1-PrLD-LacI-EYFP variant. 
Fluorescence intensity calculated after subtraction of the LacI-EYFP background. Center of the 
data represents mean and error bars represent S.D. Statistical analysis was performed using 
ordinary one-way ANOVA with Dunnett’s multiple comparisons test, in which the mean value for 
each construct was compared to the mean of the control wildtype Wor1 construct. P-values: * < 
0.0001; ** = 0.0001; *** = 0.0204; ns, not significant. n = 25, with images analyzed from 25 
individual cells for each construct. Experiments were repeated at least twice with similar results. 
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Fig. 6. Condensates formed at a LacO array in U2OS cells involve both homotypic and 
heterotypic PrLD-PrLD interactions. 
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a, (Left) Fluorescence microscopy images of combinations of different C. albicans PrLD-LacI-
EYFP and PrLD-mCherry constructs co-expressed in U2OS cells containing a LacO array. (Right) 
Quantification of mCherry-PrLD enrichment at the LacO array when bound by different PrLD-
LacI-EYFP constructs. Enrichment defined as maximum intensity at the LacO array divided by 
average intensity directly outside the array. Null construct refers to mCherry alone when not fused 
to a PrLD. Enrichment above 1 suggests PrLD-PrLD interactions occur at the array. Center of the 
data represents mean, and error bars represent S.D. Statistical analysis was performed using 
ordinary one-way ANOVA with Dunnett’s multiple comparisons test in which the mean of each 
construct was compared to the mean of the control Null/LacI construct. P-values are reported for 
data with means greater than the Null/LacI construct; * = 0.0006; ** = 0.0370; *** = 0.0027; **** 
< 0.0001; and *****= 0.0008. n = 25 for each construct, with images analyzed from 25 individual 
cells, and experiments repeated at least three times with similar results. Scale bars; 10 μm. Note 
that the PrLD from C. maltosa Wor1 was used in all U2OS cell experiments. 
b, (Top) Fluorescence microscopy images of combinations of FET TF family PrLD-LacI-EYFP 
constructs and C. albicans PrLD-mCherry constructs co-expressed in U2OS cells containing a 
LacO array. (Bottom) Quantification of mCherry-PrLD enrichment at the LacO array when bound 
by different FET PrLD-LacI-EYFP constructs (see a and Methods). Center of the data represents 
mean, and error bars represent S.D. Statistical analysis was performed using ordinary one-way 
ANOVA with Dunnett’s multiple comparisons test in which the mean of each construct was 
compared to the mean of the control Null/LacI construct. P-values are reported for data with means 
greater than the Null/LacI construct; * < 0.0001, ns, not significant. n = 25 for each construct, with 
images analyzed from 25 individual cells, and experiments repeated at least three times with 
similar results. Scale bars; 10 μm.  
c, (Top) Fluorescence microscopy images of combinations of different Wor1 PrLD-LacI-EYFP 
and Efg1 PrLD-mCherry constructs co-expressed in U2OS cells containing a LacO 
array. (Bottom) Quantification of mCherry-PrLD enrichment at the LacO array when bound by 
either wildtype Wor1 or Wor1-PrLD(DE-to-A)-LacI-EYFP constructs (see a and Methods). 
Center of the data represents mean, and error bars represent S.D. Statistical analysis was performed 
using ordinary one-way ANOVA with Dunnett’s multiple comparisons test in which the mean of 
each construct was compared to the mean of the wildtype Wor1-PrLD-LacI-EYFP/Efg1-mCherry 
construct and the Null/LacI construct. P-values; * < 0.0001, ns, not significant. n = 25 for each 
construct, with images analyzed from 25 individual cells, and experiments repeated at least two 
times with similar results. Scale bars; 10 μm. 
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Abstract 

Candida albicans is a pathogenic yeast capable of colonizing multiple sites in the human 

body. The ability of C. albicans to form biofilms on biological and inert surfaces contributes 

significantly to its burden as a leading cause of hospital-acquired infections. At the molecular 

level, studies have identified a highly interconnected transcriptional regulatory network (TRN) 

that controls biofilm development in C. albicans. Here, a set of nine master transcription factors 

(TFs) control target gene expression through interactions both with their own regulatory regions 

and with the regulatory regions of other TFs. Crucially, however, the mechanism by which 

multiple TFs act together to regulate biofilm formation remains unknown. Recently, it was 

proposed that the master TFs involved in TRNs may function by undergoing phase separation. 

This process is facilitated by intrinsically disordered prion-like domains (PrLDs) that can enable 

protein demixing and aggregation. Seven out of nine TFs in the C. albicans biofilm network 

contain PrLDs, and thus may be capable of forming phase-separated condensates. To understand 

how PrLDs contribute to biofilm regulation, we created a series of PrLD mutants in biofilm TFs. 

We show that substitution of amino acids known to promote phase separation blocks the ability 

of TFs to drive biofilm formation and filamentation. We also demonstrate that biofilm TFs form 

liquid-like condensates in the nuclei of live cells, and that these condensates selectively recruit 

other TFs through PrLD-PrLD interactions. Additionally, multiple biofilm TFs form condensates 

in vitro that are able to co-recruit DNA and RNA polymerase II. Finally, we show that PrLD 

mutations that block phase separation also attenuate filamentation in a mouse model of 

colonization. Together these studies identify a role for transcriptional condensates in the C. 

albicans biofilm TF network, and highlight how disruption of PrLDs may mediate disease 

phenotypes within this pathogenic fungus.  
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Introduction 

 Candida albicans is an opportunistic human fungal pathogen found in 40-70% of healthy 

adults as a commensal organism1. The fungus can colonize multiple sites across the human body, 

including the skin, mouth, gastrointestinal (GI) tract, and reproductive tract1,2. While normally a 

harmless member of the human microbiome, shifts in pH levels, nutrition, disease state, or 

immune function can cause over proliferation resulting in superficial mucosal infections or 

disseminated bloodstream infections2,3. Chronic, localized infections can occur at diverse areas 

across the body, and are often associated with implanted medical devices3,4. The ability of C. 

albicans to form biofilms on both biotic and abiotic surfaces contributes significantly to 

virulence and disease progression in a clinical context.  

Biofilms are multi-structured microbial communities that are more resistant to typical 

antifungals and physical disturbances than their planktonic counterparts4,5. This leaves limited 

treatment options for recurrent biofilm infections beyond removal of medical implants or 

diseased tissues, or use of higher drug doses, which have negative side effects on the patient3. 

Biofilms represent a central step in seeding new infection sites, and their continued presence in 

the host can lead to invasive candidiasis (IC)2,6. IC is the most common invasive fungal disease 

among hospitalized patients in the developed world, with mortality rates close to 40%7. A better 

understanding of C. albicans biofilm biology and regulation is therefore essential for treating 

mucosal infections and managing chronic cases at risk of developing into IC.  

C. albicans biofilms consist of three cell morphologies – yeast-form cells, pseudohyphal 

cells, and hyphal cells – which are encapsulated in a dense extracellular matrix (ECM)2,3,8. 

Biofilm formation begins with adherence of yeast-form cells to a host surface or medical device3. 

The initial cell layer provides structural support and anchors the developing biofilm. Maturation 
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of C. albicans biofilms is characterized by extensive filamentation and ECM development, with 

the latter consisting of proteins, carbohydrates, lipids, and nucleic acids3,8. Crucially, the ECM 

provides protection against mechanical disruption and antifungal treatments3,8. During the 

dispersal phase of biofilm growth, yeast-form cells bud off from the mature hyphal structures 

and seed new infection sites3,9. Failure to disrupt biofilms before dispersal contributes 

significantly to poor clinical outcomes and progression to IC.  

Genetic screens in C. albicans have identified over fifty transcriptional regulators 

involved in biofilm formation3,4,10. Deletion of any one of these regulators yields biofilms 

deficient in adherence, hyphal development, or ECM production3. Nine “master” transcription 

factors (TFs) are critical for biofilm development: Bcr1, Brg1, Efg1, Flo8, Gal4, Ndt80, Rob1, 

Rfx2 and Tec14,10. Chromatin immunoprecipitation (ChIP) experiments indicate that the core 

TFs control expression of each other (and an additional 1000 target genes) in a highly 

interconnected transcriptional regulatory network (TRN) (Figure 1A)4,10. Precisely how these 

proteins interact to control gene expression and biofilm formation is unknown. Intriguingly, the 

biofilm TRN shows parallels to other transcriptional circuits both in C. albicans and in higher 

eukaryotes. Dissecting the role of biofilm TFs could therefore inform not only how these TFs 

regulate biofilm formation, but also how other TRNs coordinate target gene expression. 

Disruption of TF interactions is also a promising avenue for restricting biofilm formation and 

limiting infection. 

Studies in mammalian cell systems suggest that TRNs may control target gene 

transcription through a phase separation mechanism11-14. Phase separation, or liquid-liquid 

demixing, refers to the formation of two distinct liquid phases from a single mixed liquid phase, 

similar to oil droplets separating from water15. Membraneless organelles, including the 
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nucleolus, paraspeckles, and stress granules, are formed via phase separation of proteins and 

nucleic acids16-19. A number of components of these cellular compartments contain intrinsically 

disordered regions (IDRs) which can promote the formation of biomolecular condensates15,20.  

One important subset of IDRs include low complexity sequences termed prion-like 

domains (PrLDs) that contain a high proportion of glycine and uncharged polar amino acids 

(e.g., glutamine and asparagine) similar to classic yeast prions21,22. Proteins with PrLDs are 

intrinsically prone to undergo liquid-liquid demixing events and have also been documented to 

form aggregates in cells21,22. PrLDs can also assemble into amyloid fibril structures, and these 

specific aggregates are closely associated with neurological disease in humans22-24. Importantly, 

the deletion or substitution of specific amino acids within low complexity domains (LCDs) can 

decrease or even eliminate phase separation in vitro and in vivo24,25.  

Recent work has proposed that the TRN regulating the white-opaque switch in C. 

albicans involves phase separation of PrLD-containing master TFs26. The white-opaque switch is 

a bistable, heritable switch between two alternative cell states, and involves master TFs binding 

large regulatory regions that resemble the super-enhancers found in mammalian cells26-28. 

Notably, seven out of the nine master TFs in the biofilm network also contain extended PrLDs, 

including TFs that are shared with the white-opaque network (Fig. 1a, b). It is therefore possible 

that phase separation of biofilm TFs regulates this TRN in a similar manner to that proposed for 

the white-opaque TRN.  

In this study, we provide evidence that the master PrLD-containing TFs in the C. albicans 

biofilm network undergo phase separation, both individually and in combination, and that this 

process promotes target gene expression. We perform a detailed examination of PrLD mutants 

for four biofilm TFs and show that substitution of key amino acids that promote phase separation 
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blocks biofilm development. Multiple TF condensates incorporate DNA and RNA polymerase II 

(RNA pol II), consistent with condensate formation driving the assembly of active transcriptional 

complexes. Crucially, mutations to TF PrLDs that disrupted filamentation and biofilm formation 

in vitro also prevented filamentation in a mouse model of GI colonization. Our findings therefore 

reveal a role for TF phase separation in regulation of the C. albicans biofilm TRN, and highlight 

how modulation of TF PrLDs can disrupt virulence-associated traits in this pathogen.  
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Results 

Master TFs in the C. albicans biofilm TRN contain PrLDs 

 The TRN controlling biofilm formation in C. albicans includes nine master TFs that have 

been shown to autoregulate their own genes and to also bind each other’s promoters driving 

positive feedback loops (Fig. 1a)4,10. ChIP-chip experiments show that enrichment of biofilm 

TFs at regulatory regions occurs even in instances where these proteins lack consensus binding 

motifs, indicating that TFs form assemblies at least in part via protein-protein interactions4,10.  

We recently showed that the master TFs controlling the C. albicans white-opaque TRN contain 

PrLDs that drive TF-TF interactions via formation of phase-separated droplets22,26. We note that 

at least one TF involved in the white-opaque switch, Efg1, is also found in the biofilm network 

and contains two large PrLDs (Fig. 1b). Analysis of the nine master biofilm TFs with PLAAC 

revealed that seven out of the nine contain PrLDs, with only Gal4 and Rob1 lacking these 

domains29. We chose four TFs, based on their high PLAAC scores, to further assess the role of 

PrLDs in transcriptional regulation of biofilm formation (Fig. 1b)29,30.  

 

Functional analysis of the master TF PrLDs in biofilm formation 

 In our set of four PrLD-containing TFs, three contain two PrLDs (Efg1, Brg1, Bcr1) 

while one TF contains one PrLD (Flo8) (Fig. 1b). Previous studies have highlighted that 

aromatic amino acids, including tyrosine (Y) and phenylalanine (F), can drive phase separation 

through pi-pi and cation-pi interactions31-33. Extended runs of glutamic acid residues (poly-

glutamine or polyQ tracts), can also promote phase separation and aggregation phenotypes34-37. 

Breaking up polyQ stretches can therefore lower the phase separation capabilities of some 

proteins31,33.  
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For each of the four TFs, we examined derivatives that were completely lacking PrLDs or 

had substituted target amino acids (Fig. 1c). These mutants included: (1) YF-to-S derivatives (all 

Y and F residues in PrLDs changed to serine (S)) that should disrupt pi-pi and cation-pi 

interactions; (2) deletion of polyQ tracts (∆polyQ; defined as three or more Qs in a row); and (3) 

changing every other Q within polyQ tracts to glycine (G), referred to as polyQG33. Disruption 

of polyQ tracts is predicted to decrease the phase separation and aggregation potential of 

disordered proteins22,31. Each of these mutant TFs were reintegrated into yeast strains lacking the 

corresponding wildtype TF and examined in both conventional biofilm and filamentation assays.  

Biofilm assays were performed as previously described by quantifying biofilm mass 

formed on silicone squares after growth in Spider medium for 48 hours (see Methods)38. For 

each of the target TFs, removal of one or both PrLDs blocked their function in biofilm formation 

and many of these strains were largely as defective as the null TF mutant. In the case of Efg1, 

deletion of both the N- and C-terminal PrLDs (DNC mutant) abolished biofilm formation, 

whereas deletion of either PrLD alone decreased biofilm mass, although not significantly as 

compared to the control full length TF (Fig. 2). The Efg1 YF-to-S, DpolyQ and polyQG mutants 

also showed a complete inability to form biofilms (Fig. 2). Brg1 also contains two PrLDs and 

deletion of either the N- or C-terminal PrLD alone did not significantly impact biofilm mass, 

whereas the double PrLD deletion again exhibited severely deficient biofilm growth (Fig. 2). 

Brg1 YF-to-S, ∆polyQ, and polyQG mutants all showed highly defective biofilms in our assay 

(Fig. 2). Bcr1 showed significantly decreased biofilm formation across all PrLD deletion 

mutants, including DN and DC mutants, as well as the DNC mutant (Fig. 2). However, while the 

Bcr1 YF-to-S mutant had decreased biofilm mass, the biofilms formed by DpolyQ and polyQG 

were not significantly decreased as compared to the control full length Bcr1 (Fig. 2). Finally, 
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deletion of the single N-terminal PrLD in TF Flo8 resulted in significantly lower biofilm mass 

compared to the full length Flo8 control (Fig. 2). Flo8 also failed to form mature biofilms in any 

of the amino acid substitution mutant strains (YF-to-S, DpolyQ or polyQG; Fig. 2). We note that 

both Efg1 and Flo8 have an increased number of polyQ tracts (11 each) as compared to the other 

factors, and that these stretches may be of functional importance for TF behavior. Overall, our 

results suggest that TF PrLDs help to drive biofilm formation in C. albicans, and that 

substitution of PrLD amino acids associated with phase separation phenotypes decrease mature 

biofilm development. 

 

Functional analysis of the master TF PrLDs in filamentation 

Filamentation is closely associated with biofilm maturation in C. albicans, as well as with 

tissue invasion and virulence, and a number of the biofilm TFs are established as key regulators 

of the filamentation program3,39,40. We therefore determined how mutation of PrLDs in biofilm 

TFs impacts the yeast-to-hyphal transition. Cells were grown overnight in YPD medium at 30ºC 

and diluted into Spider medium, a strong inducer of filamentation, and grown for 6 hours at 

37ºC. Cells were then imaged and quantified for yeast, hyphal, or pseudohyphal morphologies.  

Here, biofilm TF mutants showed a greater range of phenotypes than in the biofilm assay 

itself. All Efg1 PrLD deletion and amino acid substitution mutants showed a decreased ability to 

adopt the filamentous form (Fig. 3a). Hyphal cell formation for single PrLD deletions strains 

was decreased, while no hyphal cells were detected for the DNC mutant or for the amino acid 

substitution mutants (Fig. 3a). Some pseudohyphal cells were still present, indicating that some 

induction of filamentous growth occurred but could not produce true hyphal cells.  

For Brg1, hyphal cell formation was significantly reduced for all mutants tested except 



 118 

for the ∆polyQ derivative, while Brg1 polyQG showed a large increase in pseudohyphal cells 

instead of hyphal cells (Fig. 3b). We note that the Brg1 ∆polyQ mutant exhibited a higher 

biofilm mass than the YF-to-S and polyNQ mutants, and that its greater ability to still form 

hyphal cells could contribute to this difference (Fig. 2).  

All Bcr1 strains were able to form hyphal cells in our assays, at frequencies that were 

often close to that of the control. Only the DN and DNC deletion strains showed significant 

decreases in hyphal cell formation relative to the wildtype control (Fig. 3c). Previous studies 

have reported that Bcr1 impacts adherence in C. albicans biofilms41,42. Our data is consistent 

with Bcr1 mutant derivatives being unable to form biofilms due to adherence defects rather than 

an inability to filament. 

Deletion of the single N-terminal PrLD in Flo8 caused a significant increase in yeast-

form cells and a loss of hyphal filaments (Fig. 3d). The YF-to-S and ∆polyQ variants also 

showed an increase in yeast cells and decreased hyphal cell formation (Fig. 3d). Flo8 polyQG 

cells were still able to filament and form true hyphal and pseudohyphal cells similar to the full 

length Flo8 strain, suggesting these mutants also impact biofilm formation due to an adherence 

defect (Fig. 3d). Together our results indicate that the PrLDs of biofilm master TFs have varying 

roles in modulating C. albicans filamentation phenotypes, and that substitution of certain PrLD 

amino acids can greatly influence hyphal formation. 

 

Efg1, Brg1, and Flo8 PrLDs undergo LLPS in the nuclei of live cells 

 The potential for C. albicans TF PrLDs to promote the formation of biomolecular 

condensates was evaluated by expression in a mammalian U2OS cell line. This cell line has been 

engineered with ~50,000 copies of the Lac operator (LacO) array integrated into the genome, and 
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has been used to demonstrate liquid-liquid phase separation (LLPS) of both human and yeast TFs 

in vivo11,26,32,43. Lac repressor (LacI) is recruited to the LacO array, and thus the array can be 

used to recruit TF-LacI-EYFP fusion proteins to this locus that are visible in live cells (Fig. 

4a)32,43. LacI-EYFP alone forms a single spot at the array whereas phase separation of TF-LacI-

EYFP fusion proteins generates larger LacO array-associated foci, often together with additional 

puncta visible in the nucleus11,26,32.  

 The PrLDs of Efg1 were previously shown to form phase-separated condensates in the 

U2OS LacO system, and consistent with this a larger, brighter LacO array spot was evident in 

cells expressing Efg1-LacI-EYFP as compared to LacI-EYFP alone (Fig. 4b, c)26. The Brg1- and 

Flo8-LacI-EYFP constructs also formed significantly larger LacO-associated foci than the LacI-

EYFP control (Fig. 4b, c). The foci formed by TF-LacI fusions at the LacO array were also 

visible by differential interference contrast (DIC) microscopy, indicating their refractive index 

and mass density is significantly different from the surrounding cellular environment (Fig. 4b)32. 

In contrast to Efg1, Brg1, and Flo8, which formed condensates throughout the nucleus, the Bcr1-

LacI-EYFP fusion protein only formed foci at the LacO array and these foci were not 

significantly different in size than those of the LacI-EYFP control (Fig. 4b, c).  

 The aliphatic alcohol 1,6-hexanediol (1,6-HD) is known to preferentially disrupt weak 

hydrophobic interactions in liquid-like condensates, whereas it has little effect on more gel-like 

or solid assemblies44-46. To define the properties of biofilm TF puncta, U2OS cells were treated 

with 10% 1,6-HD for 5 minutes. Efg1, Brg1, and Flo8-LacI-EYFP condensates were all rapidly 

dissolved during treatment, while the LacI-EYFP control was unaffected (Fig. 4d). The 

compound 2,5-hexanediol (2,5-HD) is closely related to 1,6-HD but does not dissolve liquid 

condensates as efficiently32. Treatment with 10% 2,5-HD did not impact TF condensates to the 
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same extent as 1,6-HD, consistent with TF droplets forming via LLPS (Fig. 4e). Together, these 

results reveal that the PrLDs of Efg1, Brg1, and Flo8 can each drive condensate formation in a 

cellular environment, and that these condensates show liquid-like properties.  

 

PrLDs enable homotypic and heterotypic interactions by biofilm TFs  

 The ability of PrLDs to form condensates in U2OS cells prompted us to test whether 

these domains can mediate both homotypic and heterotypic interactions by biofilm TFs. PrLDs 

were fused to LacI-EYFP (as above) or to mCherry and expressed in U2OS cells containing the 

LacO array. Co-localization of the EYFP and mCherry signals at the LacO array was used to 

quantify PrLD-dependent interactions.  

 Both Efg1 and Flo8 showed homotypic interactions between their PrLDs (Fig. 4f). This 

PrLD-mediated co-localization was seen not only at the LacO array itself, but also at multiple 

other puncta throughout the U2OS cell nuclei (Fig. 4f). The Efg1-PrLD was also able to undergo 

heterotypic interactions with the PrLDs of other TFs. Thus, the Efg1 mCherry signal was 

detected at both Flo8- and Bcr1-LacI-EYFP foci (Fig. 4f). Although Bcr1 did not form phase-

separated condensates alone, these results indicate that PrLDs are still important for driving 

interactions within the biofilm TRN, particularly with the master regulator Efg1. Together our 

results indicate that the PrLDs of biofilm TFs promote assembly of phase-separated complexes, 

and can also enable protein-protein interactions even in the absence of obvious condensate 

formation. 
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Biofilm TFs undergo phase separation in vitro and condensates can incorporate RNA 

polymerase II  

 The ability of biofilm TFs to undergo phase separation in vitro was examined. We 

purified Efg1 and Flo8 as fusion proteins with maltose binding protein (MBP) and a tobacco etch 

virus (TEV) protease site (Fig. 5a). Upon treatment with TEV protease to release the full length 

proteins from MBP, both Efg1 and Flo8 readily underwent LLPS (Fig. 5b, c). As previously 

reported, Efg1 formed liquid droplets at concentrations as low as 5 μM even without molecular 

crowding agents (Fig. 5b)26. Flo8 also formed liquid condensates in the presence of 5% 

polyethylene glycol (PEG) (Fig. 5c). Liquid-like behavior was evident as droplets underwent 

fusion events when monitored by time-lapse microscopy (data not shown). Nucleic acids, 

including DNA and RNA, can promote phase separation and we therefore tested the impact of C. 

albicans genomic DNA (gDNA) on droplet formation20,47,48. Inclusion of gDNA resulted in Efg1 

condensates that were larger than those formed at the same concentration in the absence of DNA, 

in agreement with previous observations (Fig. 5b)26. Flo8 droplets were also larger in the 

presence of gDNA, and could be seen at concentrations as low as 1.25 μM (Fig. 5c). These 

results show PrLD-containing biofilm TFs undergo phase separation in vitro and that this process 

is promoted by DNA.  

 RNA polymerase II (RNA pol II) is required for transcription of all protein-encoding 

genes and most non-coding RNAs49,50. It contains an intrinsically disordered C-terminal domain 

(CTD) tail composed of heptad repeats which is conserved from yeast to humans51,52. The CTD 

has been shown to undergo phase separation and RNA Pol II can form assemblies with other 

IDR-containing transcriptional regulators14,32,51-53. To test whether the CTD of C. albicans RNA 

Pol II could be incorporated into Efg1 and Flo8 droplets, GFP-CTD was purified from E. coli as 
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a MBP-TEV fusion protein and mixed with TFs prior to TEV treatment. Upon proteolytic 

treatment, GFP-CTD was recruited into both Efg1 and Flo8 droplets whereas GFP itself was not 

(Fig. 5d). The GFP-CTD alone did not form condensates under our assay conditions. These 

results indicate that biofilm TFs can form phase-separated droplets that incorporate the 

intrinsically disordered RNA pol II CTD. 

 

PrLD mutations attenuate hyphal formation during colonization of the mouse 

gastrointestinal tract 

 Biofilm TFs are important drivers of both biofilm formation and filamentation. To further 

determine the role of TF PrLDs in C. albicans pathogenesis, we tested mutant PrLD-expressing 

strains for their ability to filament in the mouse GI. Mice were colonized with strains expressing 

Efg1 YF-to-S or Brg1 YF-to-S mutants, or with the corresponding WT TF controls, for 7 days 

and the morphology of fungal cells in the colons examined. Controls showed a mixture of yeast 

and hyphal cells in the colon in line with previous studies, whereas the YF-to-S PrLD mutants 

formed almost exclusively yeast cells (Fig. 6a, b)54-56. Quantification established that the mutant 

TFs were significantly restricted in hyphal formation (Fig. 6a, b). These results reveal that PrLD 

mutations that prevent C. albicans biofilm TFs from forming biofilms and hyphal cells in vitro 

also prevent these TFs from promoting filamentation in the mammalian host.  
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Discussion 

 C. albicans biofilm formation is regulated by a highly interconnected TRN of nine master 

TFs4,10. The biofilm TRN controls transcription via co-binding of multiple TFs to key regulatory 

regions in the genome4,10. Many of these TFs are found at overlapping genomic positions despite 

a lack of consensus binding motifs in these regions4,10. It is therefore expected that physical 

interactions between biofilm TFs are important for their function, although the mechanism 

underlying TF-TF interactions was unknown.  

In this study, we show that seven out of nine TFs in the biofilm network contain 

intrinsically disordered PrLDs. Genetic analysis of four of these TFs reveals that PrLDs are 

critical for their function in C. albicans, and that PrLDs promote formation of phase-separated, 

liquid-like condensates in live cells. Two of the PrLD-containing TFs are also shown to undergo 

LLPS in vitro and to form condensates that can incorporate RNA pol II and DNA. Mutations in 

TF PrLDs that disrupt biofilm and filamentation phenotypes also block TFs from promoting 

filamentation in the host GI tract. These results support a model in which PrLD-driven phase 

separation of key TFs enables co-assembly of transcriptional complexes important for biofilm 

formation and filamentation, both in vitro and during host infection.  

  

The role of PrLDs in TF regulation of biofilm formation and filamentation  

We tested either the removal of PrLDs or targeted mutagenesis of these domains to 

determine their role in the biofilm network. Four PrLD-containing TFs, Bcr1, Brg1, Efg1 and 

Flo8, were genetically dissected in detail, and removal of their PrLDs completely blocked their 

ability to support biofilm formation (Fig. 2). Deletion of PrLDs resulted in TFs that were also 

unable to support filamentation with the exception of Bcr1 (Fig. 3a-d). This is consistent with 
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previous reports that Bcr1 controls biofilm formation via an effect on adherence rather than on 

filamentation4,10,41. For Efg1, deletions of specific protein domains, including areas within the N- 

and C-terminal PrLDs, have also been reported to reduce or abrogate hyphal cell formation, 

which is in agreement with our filamentation data57. 

For mutational studies, we targeted aromatic PrLD residues that can promote phase 

separation via pi-pi and/or cation-pi interactions31,33,58. Our results showed that YF-to-S 

substituted variants of Efg1, Bcr1, Brg1 and Flo8 were all highly defective in biofilm formation, 

establishing the importance of aromatic PrLD residues to TF function (Fig. 2). Polyglutamine 

sequences can also influence LLPS behavior, as exemplified in Huntingtin exon 1 protein where 

increasing the size of the polyQ tract is linked with increased phase separation, aggregation, and 

interactions with other LCDs37,46,59. PolyQ-ataxin-1, a protein associated with the 

neurodegenerative disease spinocerebellar ataxia 1, also contains an expanded polyQ region that 

mediates LLPS and condensate formation36,60. In line with these examples, disruption of 

polyglutamine stretches (DpolyQ or polyQG mutants) similarly reduced biofilm formation in 

Efg1, Brg1 and Flo8 mutants, although not in the Bcr1 mutant (Fig. 2).   

In general, there was a clear connection between the extent of the biofilm defect and 

filamentation defects for Efg1, Brg1 and Flo8 mutants. For example, in the case of Efg1, YF-to-

S, DpolyQ, and polyQG variants were completely defective for both biofilm formation and 

filamentation (Fig. 2; Fig. 3a). In contrast, certain mutants such as Brg1 DpolyQ and Flo8 

polyQG were defective in biofilm formation but still formed hyphal filaments at frequencies 

close to that of the control strain (Fig. 2; Fig. 3b, d). These results suggest that Brg1 and Flo8 

may impact biofilm development by more than just their effect on filamentous growth. 
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A subset of biofilm TF PrLDs readily undergo phase separation  

 We specifically addressed the potential for biofilm PrLDs to form phase-separated 

condensates in U2OS cells carrying an array of LacO sites. LacI fusions to Efg1, Brg1, and Flo8 

PrLDs, but not to the Bcr1 PrLD, led to large condensates forming at the LacO array as well as 

additional condensates throughout the nucleus (Fig. 4a-c). These condensates showed liquid-like 

properties and were dissolved when treated with 1,6-hexanediol, indicating that weak 

hydrophobic interactions likely contribute to phase separation (Fig. 4d)44,45. Homotypic 

interactions were detected within Efg1 and Flo8 condensates, while Efg1 was also recruited into 

Flo8 and Bcr1 condensates via PrLD-PrLD interactions (Fig. 4f). Interestingly, Brg1 readily 

formed condensates on its own but did not form condensates with other biofilm TFs (Fig. 4b). 

These results indicate a specificity within PrLD interactions and that different subcomplexes 

could form that regulate biofilm gene expression. It is also possible that post-translational 

modifications (PTMs) may modulate PrLD-PrLD interactions and that these are lacking in U2OS 

cells, as PTMs can alter the phase-separation properties of IDRs11,12,48,61-65. In addition, the DNA 

binding domains of biofilm TFs may influence LLPS, given that structured domains or short 

linear motifs can potentiate protein condensation in certain cases15,20,66-69. 

 Recombinant, full length Efg1 and Flo8 proteins were purified and both readily formed 

liquid droplets in vitro (Fig. 5b, c). Droplet formation was stimulated by inclusion of gDNA, 

suggesting that DNA binding can nucleate phase separation events (Fig. 5b, c). This result is in 

line with other reports of nucleic acids and specific DNA binding sites promoting protein 

condensation12,13,64. The disordered CTDs of S. cerevisiae and human RNA pol II have both been 

shown to form liquid condensates in the presence of molecular crowding agents51. We purified 

the C. albicans RNA pol II CTD fused to GFP, and while it did not phase separate by itself, it 
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was readily incorporated into both Efg1 and Flo8 droplets (Fig. 5d). This suggests that PrLD-

CTD interactions may be important for recruitment of RNA pol II to fungal promoters and for 

target gene expression.  

Current models propose that LCDs can promote transcription either via the formation 

phase-separated TF condensates or by generating more transient TF “hubs”70,71. Both models 

rely on similar “fuzzy” interactions between TFs, Mediator complex, and RNA pol II, although 

they differ in whether the components reach the concentration threshold necessary for phase 

separation into droplets52,72-74. We favor the model in which PrLDs drive the assembly of 

transcriptional complexes via condensate formation, in line with our observations in U2OS cells 

and in vitro biochemical assays. However, it is formally possible that biofilm TFs form transient 

hubs rather than condensates to induce target gene expression in C. albicans cells. In this regard, 

it is notable that Bcr1, unlike Efg1, Flo8 and Brg1, does not form obvious condensates at the 

LacO array in U2OS cells, but still recruits Efg1 to the array via PrLD interactions (Figure 4b, 

f). It is therefore feasible that biofilm TFs operate both via a phase separation mechanism and by 

more transient hub formation, depending on the combinations of TFs involved. More 

experiments will be needed to address these models and could include visualization of TF 

structures within the C. albicans nucleus, something that is confounded by the small size of 

fungal nuclei. 

 

Mutation of TF PrLDs can block fungal hyphal formation in the mammalian host 

 C. albicans naturally colonizes multiple niches in the human host including the GI tract 

where it exists as both yeast- and hyphal-form cells75,76. To determine if PrLD mutations impact 

hyphal formation in vivo, we examined Efg1 and Brg1 YF-to-S PrLD mutants for morphology in 
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the murine colon. Strikingly, both the Efg1 YF-to-S and the Brg1 YF-to-S strains were highly 

defective in filamentation relative to the control, similar to their defects in in vitro culture (Fig. 

6a, b). It is critical to note that filamentation in the host does not always reflect phenotypes 

observed in culture, and it is therefore necessary to directly examine cell morphologies in 

vivo76,77. Our data establish that blocking of the biofilm and hyphal cell formation capacity of C. 

albicans TFs by mutation of PrLD aromatic residues prevents filamentation in the host, a trait 

which is essential for virulence of the species1,76,78.  

 

Conclusions 

 We establish that multiple biofilm TFs can undergo PrLD-dependent phase separation, 

and loss or mutation of PrLDs blocks biofilm development and filamentation both in vitro and in 

a mammalian infection model. Future studies are needed to further address the role of specific 

amino acids in driving TF condensation and to define the rules by which a subset of TFs can 

interact with each other via PrLD-PrLD interactions. A better understanding of phase separation 

and transcriptional control is likely to pave the way for new therapeutics that disrupt condensates 

and thus disable TRNs, with far reaching consequences from treatment of fungal biofilms to 

cancer79-81.  
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Materials and Methods 

Plasmid construction 

 All C. albicans biofilm TF full length, deletion, and mutant PrLD constructs were created 

in the previously described pSFS2A plasmid backbone or modified versions of this plasmid, as 

indicated below82. For the full length Efg1 plasmid (pRB360), the EFG1 ORF (with 5’ and 3’ 

UTRs) was PCR amplified from C. albicans SC5314 gDNA with oligos 1838/1839. The 

resulting fragment was linearized with HpaI and cloned into pSFS2A. The Efg1 ∆N PrLD 

plasmid (pRB630) was created via fusion PCR of two fragments amplified from pRB360: (1) 

Efg1 5’UTR with oligos 1838/3916; and (2) Efg1 ∆N PrLD ORF with oligos 3915/1839. 

Splicing with overlap extension (SOE)-PCR was conducted with oligos 1838/1839, and the 

resulting fragment cloned into pSFS2A with ApaI/KpnI83. The Efg1 ∆C PrLD plasmid (pRB632) 

was created with fusion PCR of two fragments amplified from pRB360: (1) Efg1 5’UTR and ∆C 

ORF with oligos 1838/3918; and (2) remaining Efg1 ∆C ORF and 3’UTR with oligos 

3917/1839. Fragments were fused with SOE-PCR and the product cloned into pSFS2A with 

ApaI/KpnI. The Efg1 ∆NC PrLD plasmid (pRB634) was created with fusion PCR of three 

fragments amplified from pRB360: (1) Efg1 5’UTR with oligos 1838/3916; (2) Efg1 DNA 

binding domain with oligos 3915/3918; and (3) Efg1 3’UTR with oligos 3917/1839. Fragments 

were fused with SOE-PCR and cloned into pSFS2A with ApaI/KpnI.  

For the Efg1 PrLD amino acid mutant plasmids, PrLD sequences were synthesized by 

BioBasic, and plasmids assembled via Golden Gate Assembly (GGA). The backbone plasmid for 

all PrLD amino acid mutants was a modified pSFS2A plasmid, to which a BsaI site was added so 

it could be used as an acceptor vector for GGA (pRB1397). The Efg1 3’UTR sequence was 

amplified from C. albicans SC5314 gDNA with oligos 6422/6423 and cloned into pRB1397 with 



 129 

SacII/SacI. The resulting Efg1 3’UTR pSFS2A GGA plasmid was then used as the vector for all 

Efg1 PrLD amino acid mutant GGA reactions. The Efg1 YF-to-S PrLD construct (pRB1610) 

was created with GGA of four PCR fragments: (1) Efg1 5’UTR from gDNA with oligos 

6376/6377; (2) Efg1 N-terminal YF-to-S PrLD from pRB1858 with oligos 6378/6379; (3) Efg1 

DNA binding domain from gDNA with oligos 6380/6381; and (4) Efg1 C-terminal YF-to-S 

PrLD from pRB1858 with oligos 6382/6383. Fragments were assembled into the vector by GGA 

reaction with BsaI-HFv2. The Efg1 ∆polyQ PrLD construct (pRB1612) was created with GGA 

of four PCR fragments: (1) Efg1 5’UTR from gDNA with oligos 6376/6391; (2) Efg1 N-terminal 

∆polyQ PrLD from pRB1860 with oligos 6392/6393; (3) Efg1 DNA binding domain from 

gDNA with oligos 6394/6395; and (4) Efg1 C-terminal ∆polyQ PrLD from pRB1860 with oligos 

6396/6397. Fragments were assembled into the vector by GGA reaction with BsaI-HFv2. The 

Efg1 polyQG PrLD construct (pRB1611) was created with GGA of four PCR fragments: (1) 

Efg1 5’UTR from gDNA with oligos 6376/6384; (2) Efg1 N-terminal polyQG PrLD from 

pRB1859 with oligos 6385/6386; (3) Efg1 DNA binding domain from gDNA with oligos 

6387/6388; and (4) Efg1 C-terminal polyQG PrLD from pRB1859 with oligos 6389/6390. 

Fragments were assembled into the vector by GGA reaction with BsaI-HFv2. 

The Brg1 full length add back and PrLD deletion mutants were made via PCR and cloned 

into the pSFS2A backbone. The backbone for all of these constructs included the Brg1 3’UTR, 

amplified from gDNA with oligos 6103/6104, then cloned into pSFS2A with SacII/SacI. For the 

full length construct (pRB1601), the BRG1 ORF (with 5’UTR) was amplified from gDNA with 

oligos 6099/6102, then cloned into the pSFS2A vector with KpnI/ApaI. For the Brg1 ∆N PrLD 

plasmid (pRB1602), two fragments were amplified from gDNA: (1) 5’UTR with ORF (no N-

terminal PrLD) with oligos 6099/6113; and (2) remainder of the ORF with oligos 6112/6102. 
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SOE-PCR was used to fuse the fragments together, and the resulting product was digested with 

KpnI/ApaI and cloned into the pSFS2A vector. For the Brg1 ∆C PrLD plasmid (pRB1603), the 

ORF without the C-terminal PrLD was amplified from gDNA with oligos 6099/6105, and the 

fragment cloned into the pSFS2A vector with KpnI/ApaI. The Brg1 ∆NC PrLD plasmid 

(pRB1604) was created via fusion PCR of two fragments: (1) 5’UTR with ORF (no N-terminal 

PrLD) with oligos 6099/6113; and (2) remainder of ORF (no C-terminal PrLD) with oligos 

6112/6105. Fragments were stitched together with SOE-PCR, and the product cloned into the 

pSFS2A vector with ApaI/KpnI.  

For the Brg1 PrLD amino acid mutant plasmids, PrLD sequences were synthesized by 

BioBasic, and plasmids assembled via Golden Gate Assembly (GGA). The backbone plasmid for 

all PrLD amino acid mutants was the modified pSFS2A GGA plasmid (pRB1397). The Brg1 

3’UTR sequence was amplified from gDNA with oligos 6103/6104 and cloned into pRB1397 

with SacII/SacI. The resulting Brg1 3’UTR pSFS2A GGA plasmid was then used as the vector 

for all Brg1 PrLD amino acid mutant GGA reactions. The Brg1 YF-to-S PrLD plasmid 

(pRB1739) was made via GGA of four fragments: (1) Brg1 5’UTR amplified from gDNA with 

oligos 6569/6570; (2) YF-to-S N-terminal PrLD amplified from pRB1862 with oligos 

6571/6572; (3) Brg1 DNA binding domain amplified from gDNA with oligos 6573/6574; and 

(4) YF-to-S C-terminal PrLD amplified from pRB1862 with oligos 6575/6576. Fragments were 

assembled into the vector by GGA reaction with BsaI-HFv2. The Brg1 ∆polyQ PrLD plasmid 

(pRB1740) was made via GGA of four fragments: (1) Brg1 5’UTR amplified from gDNA with 

oligos 6569/6570; (2) ∆polyQ N-terminal PrLD amplified from pRB1864 with oligos 

6571/6572; (3) Brg1 DNA binding domain amplified from gDNA with oligos 6573/6614; and 

(4) ∆polyQ C-terminal PrLD amplified from pRB1864 with oligos 6615/6583. Fragments were 
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assembled into the vector by GGA reaction with BsaI-HFv2. The Brg1 polyQG PrLD plasmid 

(pRB1741) was made via GGA of four fragments: (1) Brg1 5’UTR amplified from gDNA with 

oligos 6569/6570; (2) polyQG N-terminal PrLD amplified from pRB1863 with oligos 

6571/6577; (3) Brg1 DNA binding domain amplified from gDNA with oligos 6573/6578; and 

(4) polyQG C-terminal PrLD amplified from pRB1863 with oligos 6579/6580. Fragments were 

assembled into the vector by GGA reaction with BsaI-HFv2. 

 All Bcr1 plasmids were constructed by GGA. The backbone plasmid for the full length 

add back and all PrLD mutants was the modified pSFS2A GGA plasmid (pRB1397). The Bcr1 

3’UTR sequence was amplified from gDNA with oligos 6095/6096 and cloned into pRB1397 

with SacII/SacI. The resulting Bcr1 3’UTR pSFS2A GGA plasmid was then used as the vector 

for all GGA reactions. For the full length Bcr1 plasmid (pRB1742), the BCR1 ORF (with 5’ 

UTR) was amplified from gDNA with oligos 6622/6625 and the resulting product assembled 

into the vector by GGA reaction with BsaI-HFv2. The Bcr1 ∆N PrLD plasmid (pRB1743) was 

assembled from two PCR fragments: (1) Bcr1 5’UTR amplified from gDNA with oligos 

6622/6623; and (2) the BCR1 ORF (no N-terminal PrLD) was amplified from gDNA with oligos 

6624/6625. Fragments were assembled in the vector by GGA reaction with BsaI-HFv2. The Bcr1 

∆C PrLD plasmid (pRB1744) was assembled from two PCR fragments: (1) Bcr1 5’UTR 

amplified from gDNA with oligos 6626/6627; and (2) the BCR1 ORF (no C-terminal PrLD) was 

amplified from gDNA with oligos 6628/6629. Fragments were assembled in the vector by GGA 

reaction with BsaI-HFv2. The Bcr1 ∆NC PrLD plasmid (pRB1745) was assembled from three 

PCR fragments: (1) Bcr1 5’UTR amplified from gDNA with oligos 6630/6631; (2) the BCR1 

ORF (no N-terminal PrLD) was amplified from gDNA with oligos 6632/6633; and (3) the BCR1 

ORF (no C-terminal PrLD) was amplified from gDNA with oligos 6634/6635. Fragments were 
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assembled in the vector by GGA reaction with BsaI-HFv2. 

 For the Bcr1 PrLD amino acid mutant plasmids, PrLD sequences were synthesized by 

BioBasic. The Bcr1 YF-to-S PrLD plasmid (pRB1746) was made via GGA of five fragments: 

(1) Bcr1 5’UTR amplified from gDNA with oligos 6863/6864; (2) YF-to-S N-terminal PrLD 

amplified from pRB1865 with oligos 6865/6866; (3) Bcr1 DNA binding domain amplified from 

gDNA with oligos 6867/6868; (4) YF-to-S C-terminal PrLD amplified from pRB1865 with 

oligos 6869/6870; and (5) the remaining BCR1 ORF amplified from gDNA with oligos 

6871/6872. Fragments were assembled into the vector by GGA reaction with BsaI-HFv2. The 

Bcr1 ∆polyQ PrLD plasmid (pRB1747) was made via GGA of five fragments: (1) Bcr1 5’UTR 

amplified from gDNA with oligos 6873/6874; (2) ∆polyQ N-terminal PrLD amplified from 

pRB1864 with oligos 6875/6876; (3) Bcr1 DNA binding domain amplified from gDNA with 

oligos 6877/6878; (4) ∆polyQ C-terminal PrLD amplified from pRB1864 with oligos 6879/6880; 

and (5) the remaining BCR1 ORF amplified from gDNA with oligos 6881/6882. Fragments were 

assembled into the vector by GGA reaction with BsaI-HFv2. The Bcr1 polyQG PrLD plasmid 

(pRB1748) was made via GGA of five fragments: (1) Bcr1 5’UTR amplified from gDNA with 

oligos 6883/6884; (2) polyQG N-terminal PrLD amplified from pRB1866 with oligos 

6885/6886; (3) Bcr1 DNA binding domain amplified from gDNA with oligos 6887/6888; (4) 

∆polyQ C-terminal PrLD amplified from pRB1866 with oligos 6889/6890; and (5) the remaining 

BCR1 ORF amplified from gDNA with oligos 6891/6892. Fragments were assembled into the 

vector by GGA reaction with BsaI-HFv2. 

 All Flo8 constructs were created via PCR and cloned into the pSFS2A backbone. The 

backbone included the Flo8 3’UTR, amplified from gDNA with oligos 6089/6090, then cloned 

into pSFS2A with SacII/SacI. For the full length Flo8 plasmid (pRB1790), the FLO8 ORF (with 
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5’UTR) was amplified from gDNA with oligos 6085/6088, and the product cloned into the 

pSFS2A vector with ApaI/SacI. The Flo8 ∆N PrLD DNA sequence was synthesized by Twist 

BioScience. The Flo8 ∆N PrLD plasmid (pRB1791) was made via fusion PCR of two fragments: 

(1) Flo8 5’UTR amplified from gDNA with oligos 6085/6086; and (2) Flo8 ∆N PrLD amplified 

from pRB1871 with oligos 6108/6088. The products were fused together with SOE-PCR and the 

fragment cloned into the pSFS2A vector with ApaI/SacI. The Flo8 PrLD amino acid mutants 

were synthesized by BioMatik. The Flo8 YF-to-S PrLD plasmid (pRB1793) was made via PCR, 

with the YF-to-S PrLD (including 5’UTR) amplified from pRB1867 with oligos 6085/6088, then 

cloned into the pSFS2A vector with ApaI/SacI. The Flo8 ∆polyQ PrLD plasmid (pRB1794) was 

made via PCR, with the ∆polyQ PrLD (including 5’UTR) amplified from pRB1868 with oligos 

6085/6088, then cloned into the pSFS2A vector with ApaI/SacI. The Flo8 polyQG PrLD plasmid 

(pRB1795) was made via PCR, with the polyQG PrLD (including 5’UTR) amplified from 

pRB1869 with oligos 6085/6088, then cloned into the pSFS2A vector with ApaI/SacI. 

For protein phase separation assays, EFG1 and FLO8 ORFs were codon-optimized for 

expression in E. coli. The synthetic ORFs were then cloned into plasmid pRP1B–MBP/THMT 

(pRB523) with restriction enzymes NdeI/XhoI to create plasmids pRB514 and pRB971, 

respectively84,85. The GFP-CTD of RNA Pol II was created via fusion PCR of 2 fragments: (1) 

GFP was amplified from pRB690 with oligos 4877/4878; and (2) the C-terminal domain of RNA 

Pol II was amplified from pRB984 (codon-optimized for E. coli expression) with oligos 

5084/5085. SOE PCR was carried out to fuse the two fragments with oligos 4877/5085. The 

resulting product was cloned into pRB523 with restriction enzymes NheI/XhoI to generate 

pRB1034. The pMBP–GFP plasmid (pRB723) was created by PCR amplifying GFP from 

pRB690 (oligos 4122/4123), which was cloned into pRB523 with NheI/XhoI. 
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For expression of C. albicans TF PrLDs in U2OS LacO cells, as either LacI-EYFP or 

mCherry fusions, plasmids were constructed with codon-optimized sequences for expression in 

E. coli. The Efg1-PrLD-LacI-EYFP plasmid (pRB1222) was constructed with a fusion PCR of 

three fragments: (1) the N-terminal PrLD of Efg1 was amplified from pRB514 with oligos 

5578/5579; (2) EYFP was amplified from pRB1208 with oligos 5580/5581; (3) the C-terminal 

PrLD of Efg1 was amplified from pRB514 with oligos 5578/5583. SOE PCR was carried out 

with the three fragments using oligos 5578/5583. The PCR product was cloned into pRB1208 

with restriction enzymes NheI/BspEI. The Flo8-PrLD-LacI-EYFP plasmid (pRB1262) was 

constructed by amplifying the FLO8 PrLD from pRB960 using oligos 5680/5681. The resulting 

insert was digested and cloned into pRB1208 with BsrGI/BspEI. The Brg1-PrLD-LacI-EYFP 

(pRB1595) construct was created via a fusion PCR of three fragments: (1) the N-terminal PrLD 

of Brg1 was amplified from pRB832 with oligos 6502/6503; (2) EYFP was amplified from 

pRB1208 with oligos 6518/6519; (3) the C-terminal PrLD of Brg1 was amplified from pRB832 

with oligos 6504/6505. SOE PCR was carried out with oligos 6502/6505. The fragment was 

digested with SpeI/BspEI and cloned into pRB1208 digested with NheI/BspEI (SpeI and NheI 

yield compatible sticky ends for ligation reaction). The Bcr1-PrLD-LacI-EYFP plasmid 

(pRB1597) was created via a three-way fusion PCR: (1) the Bcr1 N-terminal PrLD was 

amplified from pRB841 with oligos 6510/6511; (2) EYFP was amplified from pRB1208 with 

oligos 6518/6519; (3) the Bcr1 C-terminal PrLD was amplified from pRB841 with oligos 

6512/6513. SOE PCR with oligos 6510/6513 yielded a fusion product that was digested with 

NheI/BspEI and cloned into pRB1208.  

 For the Efg1-PrLD-mCherry plasmid (pRB1224), construction was carried out via PCR 

fusion of the Efg1 N-PrLD (amplified from pRB514 with oligos 5578/5579), mCherry 
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(amplified from pRB1207 with oligos 5580/5581), and the Efg1 C-PrLD (amplified from 

pRB514 with oligos 5578/5584). SOE-PCR was carried out with oligos 5578/5584, and the 

resulting product cloned into pRB1207 with restriction enzymes NheI/BspEI. The Flo8-PrLD-

mCherry plasmid (pRB1264) was created via PCR amplification of the Flo8 PrLD from pRB960 

using oligos 5680/5682. The resulting product was cloned into pRB1207 with BsrGI/BspEI.  

 

C. albicans strain construction 

 The WT Efg1 add back plasmid and all Efg1 PrLD deletion plasmids were digested with 

a unique HpaI site for targeting to the endogenous EFG1 locus and transformed using the lithium 

acetate/PEG/heat shock method. Plasmids were integrated into an efg1∆/∆ strain (CAY3009) to 

yield strains: Efg1 WT add back (CAY9725); Efg1 ∆N PrLD (CAY9728); Efg1 ∆N PrLD 

(CAY9730); and Efg1 ∆NC PrLD (CAY9732). All strains were confirmed by PCR with oligos 

1840/2933. All Efg1 PrLD amino acid mutant plasmids were digested with ApaI/SacI and 

integrated into the endogenous EFG1 locus via 5’ and 3’UTR homology using the lithium 

acetate/PEG/heat shock method. Plasmids were integrated into an efg1∆/∆ strain (CAY3009) to 

yield strains: Efg1 YF-to-S PrLD (CAY11947); Efg1 ∆polyQ PrLD (CAY11949); and Efg1 

polyQG (CAY11948). All strains were checked by PCR with oligos 1838/4438 (5' UTR 

junction) and 4439/6458 (3' UTR junction). 

 The WT Brg1 add back plasmid, all Brg1 PrLD deletion plasmids, and all Brg1 PrLD 

amino acid mutant plasmids were digested with KpnI/SacI and integrated into the endogenous 

BRG1 locus via 5’ and 3’UTR homology using the lithium acetate/PEG/heat shock method. 

Plasmids were integrated into a brg1∆/∆ strain (CAY3004) to yield strains: Brg1 WT add back 

(CAY11942); Brg1 ∆N PrLD (CAY11943); Brg1 ∆C PrLD (CAY11944); Brg1 ∆NC PrLD 
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(CAY11945); Brg1 YF-to-S PrLD (CAY12228); Brg1 ∆polyQ PrLD (CAY12222); and Brg1 

polyQG (CAY12225). 5' UTR and 3' UTR junction checks were performed with oligos 

6429/4438 and 4439/6430, respectively. 

 The WT Bcr1 add back plasmid, all Bcr1 PrLD deletion plasmids, and all Bcr1 PrLD 

amino acid mutant plasmids were digested with KpnI/SacI and integrated into the endogenous 

BCR1 locus via 5’ and 3’UTR homology using the lithium acetate/PEG/heat shock method. 

Plasmids were integrated into a bcr1∆/∆ strain (CAY3008) to yield strains: Bcr1 WT add back 

(CAY12231); Bcr1 ∆N PrLD (CAY12234); Bcr1 ∆C PrLD (CAY12237); Bcr1 ∆NC PrLD 

(CAY12240); Bcr1 YF-to-S PrLD (CAY12394); Bcr1 ∆polyQ PrLD (CAY12398); and Bcr1 

polyQG (CAY12402). 5' UTR and 3' UTR junction checks were performed with oligos 

6431/6092 and 4439/6432, respectively. 

 The WT Flo8 add back plasmid, the Flo8 PrLD deletion plasmid, and all Flo8 PrLD 

amino acid mutant plasmids were digested with ApaI/SacI and integrated into the endogenous 

FLO8 locus via 5’ and 3’UTR homology using the lithium acetate/PEG/heat shock method. 

Plasmids were integrated into a flo8∆/∆ strain (CAY9742) to yield strains: Flo8 WT add back 

(CAY12701); Flo8 ∆N PrLD (CAY12462); Flo8 YF-to-S PrLD (CAY12697); Flo8 ∆polyQ 

PrLD (CAY12699); and Flo8 polyQG (CAY12700). All strains were checked by PCR with 

oligos 6425/4438 (5' UTR junction) and 4439/6426 (3' UTR junction). 

 Prior to use in biofilm and filamentation assays, the SAT1 cassette was excised from all 

strains using FLP-mediated excision as previously described82.  

 

PLAAC analysis 

 Protein sequences were analyzed using PLAAC (http://plaac.wi.mit.edu)29. 
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Conventional biofilm assays 

 Dry weight measurements of C. albicans biofilms were carried out in a conventional 

laboratory model for biofilm formation, as previously described38. Briefly, pre-weighed, sterile 

silicone squares (Bentec) measuring 1.5 cm x 1.5 cm were incubated overnight at 37ºC with 

shaking in 12-well plastic plates. Treated squares were washed with PBS and placed in new 12-

well dishes with 2 ml Spider medium per well. C. albicans strains were grown overnight in YPD 

medium, and 2 x 107 cells added to each well. Plates were then incubated at 37ºC with shaking 

for 90 min for cells to adhere to the silicone squares. Squares were then washed with PBS, put in 

fresh plates with new Spider medium, and incubation continued for 48 hours at 37ºC with 

shaking. Silicone squares were removed, dried overnight, and weighed. The original mass of 

each square was subtracted from the final mass to determine biofilm dry weight. The control WT 

C. albicans strains used in these assays refer to the TF knock out parental strains, with no 

plasmids integrated (CAY3010 for Efg1, Brg1, and Bcr1; CAY9746 for Flo8). 

 

Filamentation assays 

 C. albicans strains were grown overnight in YPD medium at 30ºC. Overnight cultures 

were then diluted 1:30 in fresh Spider medium and grown for 6 hours at 37ºC to induce hyphal 

cell formation. Cultures were spun down, resuspended in PBS, and imaged immediately. Images 

were acquired with a Zeiss Axio Observer Z1 inverted microscope for DIC imaging at 40x initial 

magnification. The Zeiss microscope was equipped with AxioVision software (v.4.8) and Zen 

software (v.3.0 blue edition). At least 10 images were taken per yeast strain tested in different 

fields of view, and the experiment was repeated at least twice per strain with similar results. 

Post-imaging processing and cell counting was carried out in FIJI (ImageJ v.1.52p). Cells were 
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counted in the DIC channel from 5 separate images per strain per experiment (for a total of 200 

cells) and classified as yeast-form, pseudohyphae, or hyphae.  

 

Mammalian cell culture, live cell imaging, and LacO array analysis 

 The human U2OS LacO cell line was a gift from the Tjian Lab, and has been previously 

described32,43. Cells were cultured in low-glucose Dulbecco’s modified Eagle’s medium 

(DMEM, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific) and 1% penicillin–streptomycin (Thermo Fisher Scientific), and maintained at 37°C 

with 5% CO2. Cells were seeded into 24-well plates with glass bottoms (Cellvis) for live cell 

imaging experiments. The appropriate plasmid constructs were transfected into each well using 

Lipofectamine 3000 (Thermo Fisher Scientific) according to manufacturer’s instructions. Cells 

were grown for overnight following transfection, the medium changed to fresh DMEM, and cells 

imaged with a Zeiss Axio Observer Z1 inverted fluorescence microscope for fluorescence (EYFP 

and mCherry) and DIC imaging at ×40 magnification. The microscope was equipped with 

AxioVision software (v.4.8) and Zen software (v.3.0 blue edition). Post-imaging processing was 

carried out in FIJI (ImageJ v.1.52p). 

 In order to quantify the LacO array spot bound by different biofilm PrLD LacI-EYFP 

constructs, a perimeter was drawn around the array in FIJI and the spot analyzed for both 

fluorescence intensity and area. Background fluorescence intensity was corrected for by 

subtracting the fluorescence signal immediately outside the array spot in cell nuclei. 

Quantification of mCherry signal at the LacO array bound by PrLD-LacI-EYFP constructs was 

determined as previously described32. Briefly, the array spot was located in the EYFP channel 

and then the mCherry signal measured for maximum fluorescence intensity at the array (Ipeak). 
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Two locations adjacent to the array within a ~2 μm radius were measured in the mCherry 

channel and their fluorescence intensities averaged (Iperiphery) to represent background 

fluorescence in cell nuclei. The mCherry-PrLD enrichment at the LacO array was calculated as 

the ratio of the peak signal divided by the background signal (Ipeak/ Iperiphery). As previously 

reported, when the ratio is > 1 it is indicative of PrLD-mediated interactions.  

 

Hexanediol treatment of U2OS LacO nuclear condensates 

 U2OS LacO cells transfected with appropriate biofilm TF PrLD LacI-EYFP constructs 

were treated with 1,6-hexanediol (Sigma-Aldrich) or 2,5-hexanediol (Thermo Fisher Scientific). 

Compounds were prepared in pre-warmed DMEM at 20% mass:volume concentrations. Media 

was removed from U2OS LacO cells growing in 24-well glass bottom dishes and replaced with 1 

ml fresh DMEM so that addition of 1 ml hexanediol medium yielded final concentrations of 10% 

1,6- or 2,5-hexanediol. Cells were imaged directly before hexanediol treatment and at 5 min 

post-treatment, with additional images acquired every 10 sec with a Zeiss Axio Observer Z1 

microscope for fluorescence (EYFP) and DIC imaging at ×40 magnification. The microscope 

was equipped with AxioVision software (v.4.8) and Zen software (v.3.0 blue edition). Time 

point t = 0 s corresponds to cells directly before hexanediol addition, and t = 300 s corresponds 

to cells after 5 min of hexanediol treatment. Condensates not associated with the array spot were 

quantified via counting in FIJI (ImageJ v.1.52p). 

 

Protein purification 

Protein constructs in a 6xHis-MBP-TEV protease site expression vector were 

transformed into BL21 (DE3) Star E. coli cells. Cells were grown overnight at 37ºC in Luria 
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broth (LB) medium, diluted 1:100 in fresh LB the following day, grown at 37ºC to an OD600 of 

0.5 – 0.7, and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside. MBP-Efg1 was 

induced at 25ºC overnight. MBP-Flo8, MBP-GFP-CTD, and MBP-GFP were induced at 30ºC 

for 4 hours. Cells were then lysed with lysozyme and sonicated in lysis buffer made up of 10 mM 

Tris, pH 7.4, 1 M NaCl, 1 mM phenylmethylsulfonyl fluoride and a protease inhibitor cocktail 

(Thermo Scientific Pierce Protease Inhibitor). The resulting protein was purified by nickel 

affinity column chromatography, followed by size exclusion column chromatography on a 

Sephacryl S300 26/60 column (GE Healthcare). Protein fractions were collected and 

concentrated in Amicon Ultra 50K concentrators (Millipore), then frozen in liquid nitrogen and 

stored at -80 ºC until use in phase separation assays.  

 

Phase separation assays 

 Stock proteins were thawed at room temperature (22ºC) and diluted into buffer consisting 

of 10 mM Tris-HCl, pH 7.4, 150 mM NaCl. Proteins were concentrated in Amicon Ultra 0.5-ml 

centrifugal filter units (Millipore) to a volume of 100 µl and concentrations determined using a 

Nanodrop 2000c (Thermo Fisher Scientific). Proteins were further diluted in 10 mM Tris-HCl 

buffer with 150 mM NaCl to appropriate concentrations for each assay. Reactions with TEV 

were set up in 10 µl total volumes (9.5 µl protein with 0.5 µl of 0.3 mg/ml of TEV) and incubated 

for 30 min at room temperature. Where noted, 5% PEG-8000 was also included in the reactions 

as a molecular crowding agent. For gDNA phase separation assays, C. albicans SC5314 gDNA 

was diluted in the same buffer as the proteins and added at a concentration of 50 nM before TEV 

treatment. Following incubation, proteins were immediately imaged in 10-well chamber slides 

(Polysciences) with 2.5 µl protein solution per well sealed under a glass coverslip. Images were 
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acquired with a Zeiss Axio Observer Z1 inverted fluorescence microscope for fluorescence and 

DIC imaging at 63x initial magnification. The Zeiss microscope was equipped with AxioVision 

software (v.4.8) and Zen software (v.3.0 blue edition). Post-imaging processing was carried out 

in FIJI (ImageJ v.1.52p). 

 

Partitioning of RNA Pol II GFP-CTD into Efg1 and Flo8 droplets 

 The GFP-CTD fusion protein was concentrated in 10 mM Tris-HCl, pH 7.4, 150 mM 

NaCl buffer and then diluted 10 mM Tris-HCl buffer with 150 mM NaCl and 5% PEG-8000 to 

15 µM. Efg1 and Flo8 were concentrated and diluted as described in “Phase separation assays” 

with the addition of 5% PEG-8000 to the Efg1 protein buffer. Efg1 and Flo8 were present at 15 

µM in these assays, and the GFP-CTD protein (or GFP alone as a control) added at a 1:10 

dilution for a final concentration of 1.5 µM. Proteins were incubated at room temperature for 30 

min in 10 µl volumes with TEV and imaged in chamber slides. Images were acquired with a 

Zeiss Axio Observer Z1 inverted fluorescence microscope equipped with AxioVision software 

(v.4.8) and Zen software (v.3.0 blue edition). FIJI (ImageJ v.1.52p) was used to calculate 

fluorescent signals. To calculate GFP-enrichment ratios, mean fluorescence intensity signal per 

unit area inside each Efg1 or Flo8 condensate was divided by the mean fluorescence intensity 

signal outside the condensates, after subtracting background fluorescence signal. The 

background signal was calculated for images of either Efg1 or Flo8 condensates without the 

presence of GFP-CTD.  

 

Mouse infections, immunohistochemistry, and imaging of tissue sections 

 Yeast strains were grown overnight at 30ºC in 3 ml of YPD medium. The following day, 
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500 μl of overnight culture was added to 9.5 ml of YPD and grown for 4 hours. Cells were 

pelleted, washed with DI H2O, and resuspended in 1 ml DI H2O. The cells were then counted, 

and an inoculum of 2 x 108 cells/ml was made for each strain. BALB/c mice (2 mice per strain) 

were inoculated with 500 μl of the prepared yeast dilutions. Mice were given a standard chow 

diet and antibiotic-treated water (streptomycin and penicillin). Yeast strains were allowed to 

colonize for 7 days, after which time mice were sacrificed. The colon of each mouse was 

processed in sections for imaging.  

 Tissue sections were immersed in methacarn for 24 hours, then washed twice with 70% 

ethanol and embedded in paraffin blocks for sectioning. Tissue sections were rehydrated in 

xylene and subsequent ethanol washes, followed by incubation in blocking buffer (1% horse 

serum in PBS) for 30 min at room temperature. A 1:500 dilution of anti-Candida albicans 

antibody (Fitzgerald Industries International) was added to tissue sections, and sections were 

incubated overnight at 4ºC. Tissue sections were washed and stained at room temperature for 1 

hour with a 1:250 dilution of WGA1 and UEA1 coupled to Rhodamine (Vector Laboratories) in 

PBS, and a 1:500 dilution of DAPI (Thermo Fisher Scientific) in PBS. Following incubation, 

tissues were rinsed with PBS and mounted on slides with anti-fade mounting media (Thermo 

Fisher Scientific) and coverslips. Slides were imaged at 40x magnification with a Zeiss Axio 

Observer Z1 inverted fluorescence microscope equipped with AxioVision software (v.4.8) and 

Zen software (v.3.0 blue edition). Cell counts were performed for each yeast strain in at least 3 

tissue sections per mouse, with at least 300 cells counted per strain. Post-image processing was 

performed in FIJI (ImageJ v.1.52p). 

 

  



 143 

Figures 

 

Fig. 1. The TRN controlling biofilm formation in C. albicans contains nine master TFs, seven 
of which contain PrLDs.  
a, TRN for biofilm development in C. albicans. Dotted lines indicate autoregulation, dark double-
headed arrows indicate reciprocal binding between two proteins, and light single-headed arrows 
indicate unidirectional binding. TFs in green contain PrLDs; TFs in grey do not contain PrLDs. 
Adapted from Lohse et al.3.  
b, PLAAC analysis of PrLDs in four target TFs. A hidden Markov model (HMM) defines protein 
regions as PrLDs or background29. Relative positions of PrLDs and DNA binding domains is 
shown.  
c, Schematic of specific amino acid residues in TF PrLDs. Relative positions and numbers of 
tyrosine (Y), phenylalanine (F), and glutamine tracts (polyQ) are shown in indicated colors. 

a 

b 

c 
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Fig. 2. Dependency of C. albicans biofilm formation on TF PrLDs.  
The indicated wildtype or mutant strains were allowed to adhere to pre-weighed silicone squares 
for 90 minutes, after which unadhered cells were washed off and remaining cells developed into 
biofilms for 48 hours. After 48 hours, silicone squares were dried and weighed to determine 
biofilm mass. All experiments were run in triplicate and repeated three times. Statistical analysis 
was performed using ordinary one-way ANOVA with Dunnett’s multiple comparisons test, in 
which the mean value for each mutant strain was compared to the mean value for the control strain. 
Error bars show S.D. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant.  
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Fig. 3. Mutations in C. albicans biofilm TF PrLDs decrease hyphal cell formation.  
a-d, Efg1 (a), Brg1 (b), Bcr1 (c), and Flo8 (d) yeast strains were grown under hyphal-inducing 
conditions for 6 hours, after which cells were imaged and cell morphology quantified. Graphs 
show cell morphologies for indicated strains and representative DIC microscopy images are 
included. Mean cell count values are shown and error bars show S.D. Statistical analysis was 
performed using ordinary one-way ANOVA with Dunnett’s multiple-comparison test, in which 
the mean cell count values were compared with that for the control full length TF add back strains. 
P values are reported for mean values relative to that for the controls for yeast-form cell counts 
(bottom row) and hyphal cell counts (top row). Experiments were repeated at least twice with 
similar results, and n = 5 with 20 cells analyzed per image for a total of 200 cells per strain. *P < 
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant. Scale bars; 10 μm. 
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Fig. 4. Biofilm TFs form liquid-like, phase-separated condensates at a LacO array in U2OS 
cells.  
a, Schematic illustrating LacO array in U2OS cells used to recruit LacI and LacI-PrLD fusion 
proteins. Made with BioRender.com.  
b, Representative images of U2OS cells containing a LacO array (shown in yellow circle) and 
expressing a LacI-EYFP control, or Efg1, Brg1, Flo8, or Bcr1 PrLDs fused to LacI-EYFP. Scale 
bar; 10 μm.  
c, Quantification of average size (top) and average fluorescence intensity (bottom) of the LacO 
array bound by the LacI-EYFP control or PrLD constructs. Values show the mean area and 
fluorescence intensity at the LacO array, and error bars show S.D. Statistical analysis was 
performed using ordinary one-way ANOVA with Dunnett’s multiple-comparison test, in which 
the mean value for each construct was compared with the mean for the LacI control. Experiments 
were repeated at least twice with similar results, and n = 25 with images analyzed for 25 individual 
cells per construct. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant. a. 
u., arbitrary units.  
d, e, Representative images of cells before and after treatment with 10% 1,6-HD (d) or 10% 2,5-
HD (e). Scale bars; 10 μm. Graphs track number of surviving puncta over time. Error bars show 
S.E.M.  
f, Representative images of C. albicans TF PrLD-LacI-EYFP and PrLD-mCherry constructs co-
expressed in U2OS LacO cells (left) and quantification of mCherry signal enrichment at the LacO 
array (right). Enrichment is defined as maximum mCherry intensity at the array divided by average 
intensity outside of array. Null construct is mCherry alone. Enrichment greater than 1 indicates 
PrLD-PrLD interactions at the array. Mean enrichment values are shown, and error bars are S.D. 
Statistical analysis was performed using ordinary one-way ANOVA with Dunnett’s multiple-
comparison test, in which the mean enrichment value was compared with that for the control 
Null/LacI construct. P values are reported for mean values relative to that for the Null/LacI control. 
Experiments were repeated at least twice with similar results, and n = 25 with images analyzed for 
25 individual cells per construct. ****P < 0.0001. Scale bar; 10 μm. 
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Fig. 5. Efg1 and Flo8 form phase-separated condensates in vitro.  
a, Schematic of vector for recombinant protein purification. MBP, maltose binding protein; TEV, 
tobacco etch virus protease site; TF ORF, transcription factor ORF. Made with BioRender.com. 
b, c, Representative images of protein droplets formed by Efg1 (b) and Flo8 (c) with and without 
C. albicans gDNA. Proteins were treated with TEV protease for 30 min at 22ºC in 10 mM Tris-
HCl buffer with 150 mM NaCl. Flo8 buffer also included 5% PEG-8000. gDNA was included at 
a final concentration of 50 nM. Images represent single experimental replicates, with experiments 
repeated at least twice with similar results. Scale bars; 5 μm.  
d, Representative images of Efg1 and Flo8 protein droplets with addition of RNA Pol II GFP-CTD 
(left) and quantification of CTD-GFP enrichment in TF droplets (right). Efg1 or Flo8 was mixed 
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with GFP-CTD and the mixture treated with TEV protease for 30 min at 22ºC in 10 mM Tris-HCl 
buffer with 150 mM NaCl and 5% PEG-8000. Efg1 or Flo8 were included at 15 μM final 
concentration and GFP-CTD at 1.5 μM final concentration. For quantification, droplets were 
located in the DIC channel, and intensity for the GFP signal inside the droplet compared to the 
intensity signal outside the droplet, after subtracting fluorescent background. At least 5 images 
were used for quantification and 25 total droplets measured for each TF. Box and whisker plots 
show all data points, maximum to minimum, and indicate enrichment ratios for GFP-CTD in Efg1 
or Flo8 droplets. For each plot, data are median (line), mean (‘+’), 25–75th percentiles (box), and 
5–95th percentiles (whiskers). Statistical significance was performed using a two-tailed Mann-
Whitney U-test. ****P <  0.0001. Scale bar; 5 μm. 
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Fig. 6. Depletion of aromatic amino acids in biofilm TF PrLDs impedes C. albicans 
filamentation in the mouse gut.  
a, b, Representative immunohistochemistry images (left) and cell type counts (right) for mice 
colonized with the indicated Efg1 (top) or Brg1 (bottom) C. albicans strains. Mice were colonized 
for 7 days, then sacrificed and colon sections prepared for imaging. In images, green staining 
shows C. albicans cells, red shows intestinal mucus, and blue shows epithelium. Yellow arrows 
indicate filamenting cells. 2 mice were used for each strain, and cell counts combined from pooled 
colon sections. At least 300 cells were counted per yeast strain. Graphs show cell counts, with 
error bars indicating S.D. Statistical significance was calculated using a one sample T-test. *P < 
0.05. Scale bars, 50 μm. 
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Phase Separation and Regulation of TRNs in C. albicans 

 Work examining the propensity of C. albicans TFs to undergo PrLD-mediated phase 

separation, and how PrLDs influence TF regulation of white-opaque switching and biofilm 

formation, has provided new insights into the molecular mechanisms underlying eukaryotic 

TRNs. We showed that the PrLDs of white-opaque master TFs drive assembly of multi-protein 

condensates that control fungal cell identity and show many similarities to mammalian super-

enhancers1. Additionally, this work expanded upon the idea of specific amino acids dictating 

phase separation properties and functions of IDPs, and how transcriptional condensates are 

seeded along the genome1. Within the C. albicans biofilm TRN, our work indicates that TF 

PrLDs are required for biofilm development and filamentation, and that these same domains 

control TF condensate formation in live cells. Further experiments will be needed to ascertain the 

rules by which subsets of TFs interact via their PrLDs, or via other more structured motifs. The 

balance of TFs, coactivators, repressors, and other transcriptional machinery within condensates, 

and their specificity for target gene activation, also requires more detailed exploration in C. 

albicans.  

 The current studies presented in this thesis have provided many new insights into 

transcriptional regulation of a pathogenic fungus. The data generated has also sparked new 

research questions. Experiments are underway to address some of these questions, and others 

will need to be carried out in the future. These research questions are described throughout the 

remainder of this thesis. 

 

The Molecular Grammar of Phase Separation in White-Opaque TFs 

 In chapter two of this thesis, we examined the phase separation capabilities of four master 
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TFs (Efg1, Czf1, Wor1, Wor2) regulating the white-opaque switch in C. albicans. We 

established that TF PrLDs were required for droplet formation and liquidity in vitro and in vivo. 

Additionally, substituting acidic amino acids aspartic acid (D) and glutamic acid (E) in the Wor1 

PrLD for alanine (A) reduced phase separation, disrupted PrLD-mediated interactions with Efg1, 

and abolished cell fate determination in cell switching assays1. These results are intriguing and 

establish roles for specific amino acid residues in promoting phase separation events and PrLD-

PrLD interactions in C. albicans. However, they also raise the possibility that other amino acids 

are similarly contributing to Wor1 phase separation and function, and necessitate a deeper dive 

into how the Wor1 (DE-to-A) mutant interacts with wildtype (WT) PrLDs or other 

transcriptional machinery.  

Multiple groups have reported that acidic residues in TF activation domains (ADs) help 

expose hydrophobic/aromatic residues that may subsequently bind to coactivators, including 

Mediator2-4. Without negatively charged groups, the hydrophobic/aromatic residues are predicted 

to drive collapse of the LCD, disrupting protein interactions, and thus decreasing activation of 

target genes2,3. Additionally, this model and other work suggests that mutation of aromatic 

residues within ADs should have a large impact on phase separation and IDR-mediated protein 

interactions2,5,6. Are the disrupted interactions we observed between the Wor1 (DE-to-A) PrLD 

mutant and Efg1 generally applicable to other white-opaque TFs? And how do other amino acid 

substitutions in the Wor1 PrLD impact its behavior in a live cell system? 

 We were interested in how Wor1 may function as a “client” protein, and thus be recruited 

to white-opaque TF condensate “scaffolds” via its PrLD. Additionally, we hypothesized that the 

Wor1 (DE-to-A) PrLD mutant would no longer be enriched in WT PrLD droplets, as the acidic 

residues help drive interactions between LCDs. To test this, we again utilized the U2OS cell line 
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containing ~50,000 copies of the Lac operator (LacO) array integrated into the genome. 

Expression of PrLDs fused to the Lac repressor (LacI) and EYFP reveals bright foci at the array 

that can seed phase-separated puncta at additional positions in cell nuclei1,5,7. PrLDs can also be 

fused to mCherry and tested for homotypic/heterotypic interactions with other PrLD-LacI-EYFP 

constructs through measurement of mCherry signal at the LacO array1,7.  

We generated four different Wor1 PrLD mutants, fused them to mCherry, and examined 

their ability to be recruited to the WT Wor1 PrLD in this cell system. The four mutants included: 

(1) a mutant lacking negatively charged amino acids, with all D and E residues changed to A 

(DE-to-A); (2) a mutant lacking aromatic amino acids, with all tyrosine (Y) and phenylalanine 

(F) residues changed to serine (S) (YF-to-S); (3) a mutant lacking positively charged amino 

acids, with all lysine (K) and arginine (R) residues changed to glycine (G) (KR-to-G); and (4) a 

mutant in which all asparagine (N) and glutamine (Q) tracts are deleted (∆polyNQ) (Fig. 1a). 

WT Wor1 showed homotypic interactions between its PrLDs both at the LacO array and at 

multiple other foci throughout the nucleus (Fig. 1b, c). In contrast, Wor1 (YF-to-S) and (KR-to-

G) mutants showed no mCherry signal enrichment at the array as compared to the control (Fig. 

1b, c). Interestingly, the Wor1 (DE-to-A) and (∆polyNQ) constructs still showed heterotypic 

interactions with the WT Wor1 PrLD (Fig. 1b, c). It is especially intriguing that the Wor1 (DE-

to-A) mutant showed stronger enrichment at the array than the WT Wor1 PrLD did with itself 

(Fig. 1c). We also note that the Wor1 (DE-to-A) PrLD formed less liquid-like and more 

“aggregate-like” foci in nuclei, which differed from any other mutants tested (Fig. 1b). 

The functionality of the Wor1 (DE-to-A) and (YF-to-S) PrLD mutants in C. albicans cell 

fate was investigated further with cell state switching assays. For these experiments, yeast cells 

were grown in the opaque state and plated on inducing media to force ectopic expression of WT 
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WOR1 or PrLD variants (Fig. 1d). Cells were also plated on non-inducing media, and these 

conditions largely retained the opaque colony phenotype across all constructs (Fig. 1d, e). 

Forced expression of WOR1 also kept cells in the opaque state, as expected (Fig. 1e)8,9. While 

the Wor1 (YF-to-S) mutant did not show any differences in functionality as compared to the WT 

protein, ectopic expression of the Wor1 (DE-to-A) mutant caused opaque cells to switch en 

masse to the white state (Fig. 1e). This dominant negative phenotype is especially interesting 

given the strong interactions between WT Wor1 and the acidic mutant in U2OS cells. Does the 

Wor1 (DE-to-A) mutant trap WT Wor1 in less liquid-like condensates? Does it exclude/no 

longer interact with other TFs or coactivators? Could these changes in material properties lead to 

the collapse or dysregulation of TF condensates controlling the opaque TRN, and thus cause a 

return to the “default” white cell state? These questions warrant future dissection with 

biochemical and genetic approaches. Our current results show that D and E residues in the Wor1 

PrLD are required to promote the opaque state, and that loss of these acidic amino acids causes 

extensive opaque-to-white switching. 

 Because of the aggregation-prone behavior of the Wor1 (DE-to-A) PrLD mutant we also 

tested its ability to interact with other C. albicans TFs in U2OS cells, as compared to the WT 

Wor1 PrLD. We found that the WT Wor1 PrLD formed heterotypic interactions with both Flo8 

and Czf1 PrLDs, in addition to its homotypic interactions with itself (Fig. 1b, c, f). While the 

Wor1 (DE-to-A) mutant still formed strong heterotypic interactions with WT Wor1, it failed to 

show mCherry signal enrichment at the array with Czf1 or Flo8 PrLDs (Fig. 1b, c, f). Our results 

indicate that acidic residues in the Wor1 PrLD promote heterotypic interactions between white-

opaque TFs, but are not essential for homotypic interactions.  

What are the implications of the Wor1 mutants in dissecting PrLD-mediated interactions 
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in the white-opaque network? Studies have suggested that both aromatic and charged residues 

are important for driving phase separation of mammalian TFs5,10-13. Our results confirm that 

these residues are also needed for Wor1 PrLD interactions and condensate formation. Notably, 

just 8 acidic residues in the Wor1 PrLD have a large impact on protein behavior and function. Is 

this aggregation phenotype indicative of a “collapsed” LCD, in which hydrophobic/aromatic 

residues preferentially interact with one another, rather than with other coactivators? Future 

experiments should investigate whether the Wor1 (DE-to-A) mutant is capable of driving 

transcription as compared to the WT protein, and also its ability to phase separate with Mediator 

and RNA pol II. Furthermore, Wor1 is the master regulator of the opaque cell state in C. albicans 

and associates at large regulatory regions of the genome with other TFs1,9. Do mutations that 

block phase separation in U2OS cells, and promote the white state in C. albicans, also reduce 

protein-protein interactions at “super-enhancers” in vivo? Chromatin immunoprecipitation 

(ChIP) experiments addressing mutant positioning and enrichment at promoter regions, 

combined with additional switching assays, may help to answer these questions.  

 

Transcriptional Condensates vs. Hubs: Competing Models of Eukaryotic Transcription 

 While the formation of phase-separated transcriptional condensates, which include IDR-

containing TFs, RNA pol II, and Mediator, is an attractive model for gene activation, it is not the 

only way to view transcription complexes in eukaryotes14. An alternative “hub” model proposes 

that LCDs in TFs and other coactivators form only transient, “fuzzy” interactions and do not 

reach the concentrations needed for phase separation into true liquid condensates4,15-17. 

Proponents argue that it is difficult to ascertain whether LLPS occurs in cells due to an inability 

to alter phase separation parameters in vivo without disrupting native protein environments15,17,18. 
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This is further complicated by the small size of condensates and limited resolution of current 

microscopy techniques19. We expect that both models may apply to transcription of different 

genes in C. albicans, and that super-enhancer-like sequences found in TRNs are likely important 

for recruiting TFs and other coactivators at concentrations high enough to reach a phase 

separation threshold. At more typical enhancer sequences, less TFs bind, and thus may not reach 

the valency required for condensate formation.  

How could we further test this phase separation model of transcriptional control in C. 

albicans? Some possibilities arise from investigating previous work in mammalian systems. For 

example, the master TF OCT4, which is essential for the pluripotent state of embryonic stem 

cells (ESCs), was shown to undergo phase separation in vitro with Mediator subunit 1 (MED1)5. 

This behavior was dependent on interactions between IDRs in both proteins, and mutations in 

these domains that disrupted droplet formation also reduced gene activation in mouse ESCs5. 

Further work revealed that MED1 and coactivator BRD4 formed large puncta at super-enhancer 

sequences in vivo, and purified forms produced droplets in vitro20. In the future, it would be 

interesting to purify PrLD-containing subunits of the yeast Mediator complex and test them in 

co-phase separation assays with C. albicans TFs.  

An additional readout for transcriptional activity in C. albicans cells beyond switching 

assays or biofilm formation could further clarify the role of transcriptional condensates in gene 

activation. For example, in vitro biochemical experiments combined with computational 

modeling in human cells established that increasing the number of TF binding motifs in a target 

DNA sequence can help seed condensate formation and increase gene expression21. Creation of 

synthetic “super-enhancer” constructs with differing numbers of white-opaque or biofilm TF 

binding sites attached to a luciferase reporter could similarly examine how different numbers of 
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interacting proteins influence gene expression. More binding sites should increase activation in a 

concentration-dependent manner until the phase separation threshold is reached. Do mutations 

that decrease phase separation of TFs in vitro also lead to less luciferase activity? Could these 

TFs be visualized as puncta in C. albicans cells if they reached high enough concentrations at the 

“super-enhancer” elements? These questions remain to be explored. 

 

Towards Transcriptional Activation: PrLD-mediated TF Interactions with RNA Pol II 

Live cell imaging in ESCs has revealed both small transient and large stable clusters of 

RNA pol II and Mediator at distinct chromatin regions, which may represent in vivo 

condensates22. Intriguingly, the larger clusters of proteins were observed at super-enhancer 

regions, lending support to the phase separation model of transcriptional control at extended 

enhancer sequences14,22. Additional studies in yeast and human cells and in vitro demonstrated 

that TF LCDs are sufficient to drive interactions with RNA pol II, and that these condensates co-

localize with new RNA transcripts7,23-25. We showed in chapter three of this thesis that both Efg1 

and Flo8 can recruit the disordered CTD of RNA pol II in vitro. Can other C. albicans TFs 

interact with RNA pol II through their PrLDs and are these interactions present in live cells?  

 To begin to answer these questions, we performed co-phase separation assays between 

purified Czf1, Wor1, Wor4, and RNA pol II CTD, as described in Frazer & Staples et al.1. TFs 

were mixed with GFP-CTD prior to TEV treatment, and proteins monitored for droplet 

formation via microscopy. Upon addition of TEV, the GFP-CTD was recruited to Czf1 and 

Wor4, as compared to GFP controls (Fig. 2a, b). Wor1 did not appear to recruit the CTD in our 

assay, although we note that the droplets did show enrichment above GFP alone (Fig. 2a, b). 

However, the average Wor1 enrichment ratio was below 1, indicative of little recruitment above 
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background fluorescence levels (Fig. 2b). Post-translational modifications (PTMs) of the Wor1 

PrLD (e.g., phosphorylation) may be necessary for CTD recruitment, or Wor1 could require 

other TFs in a multi-molecular complex to drive RNA pol II recruitment. These results indicate 

that two additional white-opaque TFs are able to interact with the disordered CTD of RNA pol II 

in vitro.  

 We also examined PrLD interactions with RNA pol II in live cells. These experiments 

used a LacO-containing U2OS cell line in which RPB1, the endogenous major catalytic subunit 

of RNA pol II, is replaced with a Halo-tagged RPB17,26. Cells were transfected with different TF 

PrLD LacI-EYFP constructs and then labeled with a red fluorescent HaloTag ligand for 

visualization of RNA pol II. Efg1-, Czf1-, and Wor4-LacI-EYFP all showed mCherry 

enrichment at the LacO array as compared to background levels of RNA pol II with LacI alone 

(Fig. 2c). Interestingly, PrLD-mediated hubs formed throughout cell nuclei outside of the LacO 

array that also included RNA pol II (Fig. 2c). This suggests that PrLDs of master TFs can 

interact with RNA pol II, even without the DNA array sequence, in agreement with previous 

human TF studies7. Together, these results show that RNA pol II is enriched in TF condensates, 

and suggest that LCD-mediated interactions can recruit transcriptional machinery as a key step in 

transcriptional activation.  

 Having established that C. albicans TFs can form condensates with RNA pol II, it would 

be interesting in the future to examine transcriptional output from these structures. Work with the 

human TF TAF15, a strong transcriptional activator, revealed that its IDR preferentially 

concentrated the CTD of RNA pol II and co-localized with EU-labelled RNA transcripts in live 

cells23. In these experiments, the TAF15 IDR was fused to a blue-light-controlled 

oligomerization domain (Cry2) to drive IDR-dependent phase separation23,27. This recently 
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developed “optoDroplet” system relies on IDRs instead of full length proteins to dissect their 

unique contributions to condensate formation27,28. Would fusing of yeast PrLDs to the Cry2 

domain similarly allow for visualization of condensate formation? Would strong transcriptional 

activators, such as Flo8 in the biofilm network, show nascent RNA transcript enrichment in this 

system? These are questions we hope to explore in further defining the role of LLPS in C. 

albicans TRNs. 

  

Visualizing Transcriptional Condensates in Yeast 

While many investigations into PrLD-containing TFs include visualization in mammalian 

cells, we recognize that TF behavior and function in yeast cells is also important. Observing TF 

condensates in yeast is complicated by their small size in comparison to human cells. Many 

groups have shown cytoplasmic puncta formed by LCDs of various stress granule, autophagy, 

and RNA binding proteins in yeast cells, but TF droplets remain elusive29-35. One way to address 

this issue could be through use of single-molecule fluorescence in situ hybridization (smFISH) 

combined with fusion of TF PrLDs to probe sequences24,36,37. Recent work with S. cerevisiae has 

successfully employed this technique to visualize TF LCD-mediated transcription hubs in vivo24. 

The LCDs from mammalian TFs FUS and TAF15, fused to GFP, formed multiple, bright puncta 

in yeast cells through self-interactions, and these LCD-LCD interactions were found to be 

necessary for RNA pol II function24. While neither the liquid-like properties of these puncta nor 

their internal dynamics were examined, such characteristics could potentially be discerned 

through treatment with 1,6-hexanediol or fluorescence recovery after photobleaching (FRAP) 

experiments18,38-40.  

Advances in microscopy techniques and resolution will also undoubtedly improve live 
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cell imaging of nuclear condensates in C. albicans. Single-molecule tracking methods are 

already increasing knowledge of protein dynamics and localization under physiological 

conditions41,42. In the future, it would beneficial to combine smFISH with advanced microscopy 

techniques to better understand how phase separation and transcription are linked in the white-

opaque and biofilm TRNs.  

 

Phase Separation of C. albicans Biofilm TFs and Implications for Novel Therapeutics 

 In chapter three of this thesis, we explored the role of biofilm TF PrLDs in LLPS in vitro 

and in vivo, as well as in functional assays. Our results draw parallels between the white-opaque 

circuit and biofilm network, and hint at a conserved role for IDRs in regulating transcriptional 

programs in C. albicans. It would be interesting to purify additional TFs for phase separation 

assays, and express PrLD mutants that disrupt biofilm development in live cells to investigate 

how LLPS is impacted.  

 Efg1 and Flo8 formed droplets both in vitro and in U2OS cells. The PrLDs of Brg1 also 

self-assembled into phase separated puncta in live cells, and thus it would be interesting to purify 

and test this TF in phase separation assays. Brg1 and Efg1 YF-to-S PrLD mutants had drastically 

reduced dry biofilm masses and were unable to form hyphal cells to the same extent as WT 

controls. We hypothesize that substitution of aromatic residues in these PrLDs abolishes TF 

phase separation, in agreement with previous studies6,10,11,43-46. Future experiments could 

examine expression of Efg1 and Brg1 YF-to-S PrLD mutants in U2OS cells and in vitro. Our 

prediction would be that removal of aromatic residues would block droplet formation and TF-TF 

interactions.  

These experiments are especially relevant for Brg1, which did not show homo- or 
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heterotypic interactions with other TF PrLDs in live cells. From ChIP-chip data in C. albicans, 

Brg1 is shown to be enriched at large promoter regions and these sites correspond to enrichment 

of other TFs, including Efg1 and Bcr1, even in instances where DNA binding motifs are 

absent47. So why are Brg1 interactions yet to be observed in our experiments? It is possible that 

Brg1 functions primarily as a client protein and is only recruited to other complex TF 

condensates, which is not a scenario addressed in the U2OS cell line48,49. Furthermore, 

transcriptional condensates contain high levels of other coactivators, RNA pol II, and even 

eRNA transcripts that all could contribute to protein-protein interactions5,14,20,23,50,51. Future 

experiments with full length Brg1, and combinations of other transcriptional machinery, may 

address how structured domains or other LCDs influence TF recruitment to condensates. 

In contrast to Brg1, Bcr1 did not form condensates by itself in U2OS cells, but did show 

PrLD-dependent recruitment of Efg1 to Bcr1-associated puncta. This curious result suggests that 

TF PrLD interactions may not always be sufficient to drive condensate formation, and could 

instead show transient interactions at smaller hubs7,15. Bcr1 has shorter PrLDs than other TFs 

examined in our work, and these PrLDs may be less likely to participate in LLPS. Other groups 

have demonstrated increased LLPS by expanding IDRs in mammalian proteins5,6. Would the 

activity of Bcr1 be increased by increasing the length of its PrLDs? Would this force phase 

separation, and could these condensates incorporate other TFs? In a similar vein, substitution of 

the Bcr1 PrLDs with those of another TF, like Efg1, would also get at the underlying specificity 

of LCDs in driving condensate formation and TF function. It would be interesting to see if such 

fusion proteins could function in biofilm and filamentation assays in addition to their ability to 

form liquid-like droplets in vitro.  

Our work with biofilm TFs establishes a role for PrLDs in mediating C. albicans 



 175 

behavior in the host. Substitution of key amino acids within master TF PrLDs decreased biofilm 

formation on an abiotic surface and also decreased hyphal cell development in a mouse 

colonization model. We suggest that the biofilm TRN is controlled via TF condensates that 

activate target genes essential to biofilm adherence, development, and filamentation. The ability 

to disrupt protein condensates and thus the TRN they control is particularly appealing in a 

clinical context. Current treatment options are limited to removal of infected tissues or medical 

implants, or increasing dosage of a small arsenal of antifungals, both of which cause unwanted 

side effects for patients52-54. Small molecule inhibitors of TF phase separation, or drugs that 

block/dissolve condensate formation, could therefore lead to better outcomes for biofilm 

infections. Research surrounding “druggable condensates” indicates this is a viable avenue to 

explore. For example, a recent study showed that antineoplastic drugs partitioned into nuclear 

protein condensates in malignant human tissue samples, and that concentrating these drugs into 

different membraneless compartments influenced drug activity55. Additional work in 

neurodegenerative diseases has aimed to engineer protein chaperones to keep proteins soluble or 

to use drugs that upregulate protein chaperones to dissolve aggregates56,57. On the opposite end 

of the spectrum, two related small molecules were recently shown to block replication of human 

respiratory syncytial virus (RSV) by hardening liquid-like inclusion bodies where viral 

replication normally takes place58.  

In C. albicans, multiple small molecule inhibitors of filamentation and associated biofilm 

formation have been reported, although their modes of action remain unknown59,60. Furthermore, 

the quorum-sensing molecule farnesol has long been known to inhibit biofilm formation, 

although its precise molecular mechanism is unclear61,62. Fluorescent farnesol analogs have also 

been used to visualize molecule distribution in fungal cells, and could be beneficial for tracking 
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farnesol-protein interactions, especially with biofilm TFs63. Do these small molecules disrupt TF 

condensates in vitro or in cells? Can they change protein behavior or material properties? Future 

experiments investigating these questions will be necessary to expand on our knowledge of TF 

LLPS and C. albicans pathogenesis.  

 

Conclusions 

 The opportunistic fungal pathogen C. albicans relies on different transcriptional 

programs to regulate cell state and virulence in order to colonize various host niches. White-

opaque switching and biofilm formation are controlled by large, interconnected TRNs, where 

master TFs associate at their own promoter regions and those of other factors even in the absence 

of consensus binding motifs9,47,64-66. How these TFs physically interact to activate target genes in 

each circuit is a key question in the field. In this work, we establish the ability of multiple TFs to 

undergo phase separation in vitro and in live cells, and that this phenomenon depends on 

intrinsically disordered PrLDs. Additionally, we show that PrLDs are required for the white-

opaque switch, biofilm formation, and filamentation, as mutant TFs fail to form condensates and 

control these processes. Future work is needed to continue to dissect the sequence features 

responsible for TF phase separation and explore how TF condensates activate target genes in C. 

albicans cells. These studies will continue to provide new insights into a phase separation 

mechanism for transcriptional control and its conservation across eukaryotes (Fig. 3).  

 

 

  

 



 177 

Materials and Methods 

Plasmid construction 

For phase separation assays, EFG1, CZF1, and WOR4 ORFs were codon optimized for E. 

coli and cloned into pRP1B–MBP/THMT (pRB523) with restriction enzymes NdeI/XhoI to 

create plasmids pRB514, pRB516, and pRB54967,68. For Wor1, a chimeric construct consisting 

of the DNA binding domain (DBD) of C. albicans WOR1 with the PrLD of C. maltosa WOR1 

was used for ease of purification, as previously described1. The CaWOR1 DBD was PCR 

amplified from pRB512 with oligos 4260/4261 and the CmWOR1 PrLD was amplified from a 

codon-optimized sequence cloned into pUC57 (pRB791, Gene Universal) with oligos 

4268/4269. The two fragments were fused together using oligos 4260/4269 with splicing by 

overlap extension (SOE)-PCR, then cloned into pRB523 with NdeI/XhoI to yield pRB83869. The 

GFP-CTD of RNA Pol II was created via fusion PCR of 2 fragments: (1) GFP was amplified 

from pRB690 with oligos 4877/4878; and (2) the C-terminal domain of RNA Pol II was 

amplified from pRB984 (codon-optimized for E. coli expression) with oligos 5084/5085. SOE-

PCR was carried out to fuse the two fragments with oligos 4877/5085. The resulting product was 

cloned into pRB523 with restriction enzymes NheI/XhoI to generate pRB1034. The pMBP–GFP 

plasmid (pRB723) was created by PCR amplifying GFP from pRB690 (oligos 4122/4123), 

which was cloned into pRB523 with NheI/XhoI. 

For expression of C. albicans TF PrLDs in U2OS LacO cells, as either LacI-EYFP or 

mCherry fusion constructs, plasmids were generated with codon-optimized sequences for 

expression in E. coli. The Efg1-PrLD-LacI-EYFP plasmid (pRB1222) was constructed via fusion 

PCR of three fragments: (1) the N-terminal PrLD of Efg1, amplified from pRB514 with oligos 

5578/5579; (2) EYFP amplified from pRB1208 with oligos 5580/5581; and (3) the C-terminal 
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PrLD of Efg1, amplified from pRB514 with oligos 5582/5583. SOE PCR was used to fuse the 

three fragments with oligos 5578/5583. The PCR product was cloned into pRB1208 with 

NheI/BspEI. The CmWor1–PrLD–LacI-EYFP plasmid (pRB1410) was generated by 

amplification of the CmWOR1 PrLD from pRB838 using oligos 6117/6118 and cloned into 

pRB1208 with BsrGI/BspEI. The Czf1–PrLD–LacI-EYFP plasmid (pRB1216) was constructed 

by PCR amplifying the CZF1 PrLD from pRB516 with oligos 5575/5576, and cloning into the 

resulting fragment into pRB1208 with BsrGI/BspEI. The Wor4–PrLD–LacI-EYFP plasmid 

(pRB1266) was generated via fusion of the Wor4 N-terminal PrLD (PCR amplified from 

pRB549 with oligos 5671/5672), EYFP (PCR amplified from pRB1208 with oligos 5673/5674) 

and the Wor4 C-terminal PrLD (amplified from pRB549 with oligos 5675/5676). SOE-PCR was 

used to fuse the three fragments with oligos 5673/5676, and the product was cloned into 

pRB1208 with NheI/BspEI. The Flo8-PrLD-LacI-EYFP plasmid (pRB1262) was constructed by 

amplifying the FLO8 PrLD from pRB960 using oligos 5680/5681. The resulting insert was 

digested and cloned into pRB1208 with BsrGI/BspEI. 

The CmWor1-PrLD-mCherry plasmid (pRB1623) was constructed by amplification of 

the CmWOR1 PrLD from pRB791 with oligos 6252/6253. The resulting fragment was cloned 

into pRB1207 with BsrGI/BspEI. The CmWor1-(DE-to-A)-PrLD-mCherry plasmid (pRB1574) 

was generated via PCR amplification of the CmWOR1 PrLD with DE-to-A substitutions from 

pRB1461 with oligos 6244/6487. The insert was cloned into pRB1207 with BsrGI/BspEI. For 

the CmWor1-(YF-to-S)-PrLD-mCherry plasmid (pRB1572), the CmWOR1 PrLD with YF-to-S 

substitutions was amplified by PCR from pRB1458 with oligos 6238/6486, then cloned into 

pRB1207 with BsrGI/BspEI. The CmWor1-(KR-to-G)-PrLD-mCherry plasmid (pRB1576) was 

created via PCR of the CmWOR1 PrLD with KR-to-G substitutions from pRB1456 with oligos 
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6240/6488. The fragment was cloned into pRB1207 with BsrGI/BspEI. For the CmWor1-

(∆polyNQ)-PrLD-mCherry plasmid (pRB1578), the CmWOR1 PrLD with all stretches of three 

or more asparagine and/or glutamine residues deleted was amplified by PCR from pRB1460 with 

oligos 6242/6489, then cloned into pRB1207 with BsrGI/BspEI. 

To create plasmids with inducible expression of WOR1 and associated PrLD mutants in 

C. albicans, ORFs were cloned under the control of the MET3 promoter. All plasmids also 

included a C-terminal GFP tag to confirm nuclear localization and expression, as previously 

described1. Note that the WT WOR1 plasmid is a fusion of the C. albicans WOR1 DNA binding 

domain (DBD) to the C. maltosa WOR1 PrLD. The C. maltosa WOR1 PrLD complements 

completely in switching assays1. The pMET3–CaWOR1DBD/CmWOR1PrLD–GFP plasmid 

(pRB1307) was created via a three-way ligation between CaWOR1DBD/CmWOR1PrLD 

amplified from pRB843 with oligos 5778/5786 and digested with XmaI/KpnI, GFP amplified 

from pRB137 with oligos 5789/5790 and digested with KpnI/HindIII, and pRB157 digested with 

XmaI/HindIII. For all PrLD substitution mutants, plasmids were created using the endogenous 

CmWOR1 PrLD sequence. Amino acid residues were substituted to the most common codon for 

each amino acid replacement. For the pMET3–CaWOR1DBD/CmWOR1PrLD(YF-to-S)–GFP 

plasmid (pRB1495), a fusion PCR reaction was carried out with the DBD of CaWOR1 from 

pRB1442 with oligos 5778/6234 and the CmWor1PrLD containing YF-to-S substitutions, 

amplified from pRB1457 with oligos 4268/6235. SOE-PCR was conducted with oligos 

5778/6235, and the fragment cloned into pRB1309 with XmaI/KpnI. The pMET3–

CaWOR1DBD/CmWOR1PrLD(DE-to-A)–GFP plasmid (pRB1424) was created via SOE-PCR 

of the CaWOR1DBD as described above, and the PrLD of CmWOR1 containing DE to A 

substitutions amplified from pRB1342 with oligos 4368/6125. PCR fusion was conducted with 
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oligos 5778/6125 and the resulting fragment cloned into pRB1309 with XmaI/KpnI.  

 

C. albicans strain construction 

All plasmids with pMET3-inducible TFs were linearized with an AfIII site in 

the MET3 promoter and integrated into the MET3 locus in strain RBY1177 (MTLa/a). 

Integration was PCR checked with oligos 317/6007 or 1063/377. The pMET3–

CaWOR1DBD/CmWOR1PrLD–GFP strains (CAY11706/CAY11707) were created with 

pRB1307. The pMET3–CaWOR1DBD/CmWOR1PrLD(YF-to-S)–GFP strains 

(CAY11780/CAY11781) used pRB1493, and the pMET3–CaWOR1DBD/CmWOR1PrLD(DE-

to-A)–GFP strains (CAY11712/CAY11713) used pRB1425. The control strain refers to the 

parental strain RBY1177, without any plasmid integration. 

 

C. albicans switching assays 

 For cell fate determination assays, opaque state cells were grown on synthetic dropout 

medium supplemented with 5 mM methionine and cysteine (SD + Met)70. Opaque colonies were 

then suspended in PBS, serially diluted, and plated on synthetic dropout medium lacking 

methionine and cysteine (SD – Met) or supplemented with them (SD + Met). Plates were 

incubated at 22ºC for 7 days and then scored for the presence of opaque colonies and sectors.  

 

Protein purification 

Protein constructs in a 6xHis-MBP-TEV protease site expression vector were 

transformed into BL21 (DE3) Star E. coli cells. Cells were grown overnight at 37ºC in Luria 

broth (LB) medium, diluted 1:100 in fresh LB the following day, grown at 37ºC to an OD600 of 
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0.5 – 0.7, and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside. MBP-Efg1 was 

induced at 25ºC overnight. MBP-CmWor1, MBP-Czf1, MBP-GFP-CTD, and MBP-GFP were 

induced at 30ºC for 4 hours. MBP-Wor4 was induced at 18ºC for 8 hours. Most cells were then 

lysed with lysozyme and sonicated in lysis buffer made up of 10 mM Tris, pH 7.4, 1 M NaCl, 

1 mM phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Thermo Scientific Pierce 

Protease Inhibitor). For purification of MBP-Czf1 and MBP-GFP, cells were lysed for 30 min at 

22 °C using 4 ml Bacterial Protein Extraction Reagent (Thermo Fisher Scientific; supplemented 

with 1 M NaCl) per gram of E. coli pellet wet weight. The resulting protein was purified by 

nickel affinity column chromatography, followed by size exclusion column chromatography on a 

Sephacryl S300 26/60 column (GE Healthcare). Protein fractions were collected and 

concentrated in Amicon Ultra 50K concentrators (Millipore), then frozen in liquid nitrogen and 

stored at -80 ºC until use in phase separation assays.  

 

Phase separation assays 

All purified proteins were thawed at 22ºC and diluted into buffer consisting of 10 mM 

Tris-HCl, pH 7.4, 150 mM NaCl. Proteins were concentrated in Amicon Ultra 0.5-ml centrifugal 

filter units (Millipore) to a volume of 100 µl. Protein concentrations were determined using a 

Nanodrop 2000c (Thermo Fisher Scientific). Proteins were further diluted in 10 mM Tris-HCl 

buffer with 150 mM NaCl to appropriate concentrations for each assay. TEV reactions were set 

up in 10 µl total volumes (9.5 µl protein with 0.5 µl of 0.3 mg/ml of TEV) and incubated for 

30 min at room temperature. Where noted, 5% PEG-8000 was also included in the reactions as a 

crowding agent. Following incubation, proteins were immediately imaged in 10-well chamber 

slides (Polysciences) with 2.5 µl protein solution per well sealed under a glass coverslip. Images 
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were acquired with a Zeiss Axio Observer Z1 inverted microscope for fluorescence and DIC 

imaging at 63x initial magnification. The microscope was equipped with AxioVision software 

(v.4.8) and Zen software (v.3.0 blue edition). Post-imaging processing was carried out in FIJI 

(ImageJ v.1.52p). 

 

Partitioning of RNA pol II GFP-CTD into TF droplets 

 The GFP-RNA pol II CTD fusion protein was concentrated in 10 mM Tris-HCl, pH 7.4, 

150 mM NaCl buffer and then diluted in 10 mM Tris-HCl buffer with 150 mM NaCl and 5% 

PEG-8000 to 15 µM. Czf1, Wor1, and Wor4 were concentrated and diluted as described in 

“Phase separation assays”. All purified TFs were present at 15 µM, and the GFP-CTD protein (or 

purified GFP alone, as a control) added at a 1:10 dilution for a final concentration of 1.5 µM. 

Proteins were incubated at 22ºC for 30 min in 10 µl volumes with TEV and imaged in chamber 

slides. Images were acquired with a Zeiss Axio Observer Z1 inverted fluorescence microscope 

equipped with AxioVision software (v.4.8) and Zen software (v.3.0 blue edition). FIJI (ImageJ 

v.1.52p) was used to calculate fluorescent signals. In order to calculate GFP-enrichment ratios, 

mean fluorescence intensity signal per unit area inside each TF condensate was divided by the 

mean fluorescence intensity signal outside the condensates, after subtracting background 

fluorescence signal. The background signal was calculated for images of each TF condensate 

without the presence of GFP-CTD. 

 

Cell culture, live cell imaging, and LacO array analysis 

The human U2OS LacO cell line and the U2OS HaloTag-RPB1 cell line were gifts from 

the Tjian Lab, and have been previously described7,71. Cells were cultured in low-glucose 



 183 

Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) supplemented with 

10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin–streptomycin (Thermo 

Fisher Scientific), and maintained at 37°C with 5% CO2. The U2OS HaloTag-RPB1 cells were 

also supplemented with 1 μg/ml 𝛼-amanitin to ensure endogenous RPB1 expression was 

suppressed72.  

Cells were seeded into 24-well plates with glass bottoms (Cellvis) for live cell imaging 

experiments. The appropriate plasmid constructs were transfected into each well using 

Lipofectamine 3000 (Thermo Fisher Scientific) according to manufacturer’s instructions. Where 

noted, the U2OS HaloTag-RPB1 cells were labeled with Janelia Fluor 549 HaloTag, according 

to manufacturer’s instructions (Promega). Cells were grown overnight, the medium changed to 

fresh DMEM, and cells imaged with a Zeiss Axio Observer Z1 inverted fluorescence microscope 

for fluorescence (EYFP and mCherry) and DIC imaging at ×40 magnification. The microscope 

was equipped with AxioVision software (v.4.8) and Zen software (v.3.0 blue edition). Post-

imaging processing was carried out in FIJI (ImageJ v.1.52p). 

For quantification of mCherry signal at the LacO array bound by PrLD-LacI-EYFP 

constructs, we used a previously described method7. Briefly, the array was located in the EYFP 

channel and a circle drawn around the array with FIJI. The mCherry signal at the array, 

corresponding to PrLD-mCherry constructs or HaloTag-RPB1, was measured for fluorescence 

intensity (Ipeak). Two locations adjacent to the array within a ~2 μm radius were measured in the 

mCherry channel and their fluorescence intensities averaged (Iperiphery) to represent background 

fluorescence in cell nuclei. The mCherry-PrLD or HaloTag-RPB1 enrichment at the LacO array 

was calculated as the ratio of the peak signal divided by the background signal (Ipeak/ Iperiphery). 

When the ratio is > 1 it is indicative of PrLD-mediated interactions7.  
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Figures 

 

 

Fig. 1. Wor1 PrLD mutations selectively disrupt TF interactions in U2OS cells and impact 
cell fate determination in C. albicans.  

Wor1-PrLD-LacI

Wor1-PrLD-LacI

Wor1-PrLD-LacI

Wor1-PrLD-LacI

Wor1-PrLD-LacI

Wor1-(DE-to-A)-PrLD

Wor1-PrLD

Wor1-(YF-to-S)-PrLD

Wor1-(KR-to-G)-PrLD

Wor1-(∆polyNQ)-PrLD

EYFP mCherry Merge

Lac
I/N

ull

Lac
I/W

or1

Wor1/
Wor1

Wor1/
Wor1 

(D
E-to

-A
)

Wor1/
Wor1 

(Y
F-to

-S
)

Wor1/
Wor1 

(K
R-to

-G
)

Wor1/
Wor1 

(∆p
olyN

Q)
0

1

2

3

4

m
C

he
rr

y 
en

ric
hm

en
t a

t L
ac

O
 a

rr
ay ns

✱

✱✱✱✱

ns

ns

✱✱

Flo8-PrLD-LacI

Flo8-PrLD-LacI

Wor1-PrLD

Wor1-(DE-to-A)-PrLD

EYFP mCherry Merge

Czf1-PrLD-LacI

Czf1-PrLD-LacI

Wor1-PrLD

Wor1-(DE-to-A)-PrLD

EYFP mCherry Merge

Lac
I/N

ull

Wor1/
Wor1

Flo8/W
or1

Czf1
/W

or1
0

1

2

3

m
C

he
rr

y 
en

ric
hm

en
t a

t L
ac

O
 a

rr
ay ✱✱✱✱

✱✱

✱✱✱✱

Lac
I/N

ull

Wor1/
Wor1 

(D
E-to

-A
)

Flo8/W
or1 

(D
E-to

-A
)

Czf1
/W

or1 
(D

E-to
-A

)
0

1

2

3

4

m
C

he
rr

y 
en

ric
hm

en
t a

t L
ac

O
 a

rr
ay ✱✱✱✱

ns

ns

EY
FP
/

mC
he
rry
:

EY
FP
/

mC
he
rry
:

EY
FP
/

mC
he
rry
:

W
or
1-
W
or
1
in
te
ra
ct
io
ns

Fl
o8
-W
or
1
in
te
ra
ct
io
ns

C
zf
1-
W
or
1
in
te
ra
ct
io
ns

Uninduced (TF off)

Induced (TF on)

White

Opaque
sectored

Opaque

Population of 
opaque cells

a

c

b

0

20

40

60

80

100

120

%
 o

pa
qu

e 
or

 s
ec

to
re

d 
co

lo
ni

es

wor1ǻ�ǻ wor1ǻ�ǻ
+WOR1 

wor1ǻ�ǻ
+wor1ǻ&

Induced

Uninduced

n = 3 n = 3 n = 3 n = 6 n = 3 n = 3

a a

0

20

40

60

80

100

120

%
 o

pa
qu

e 
or

 s
ec

to
re

d 
co

lo
ni

es
czf1ǻ�ǻ 

czf1ǻ�ǻ
�&=)��

czf1ǻ�ǻ
+czf1ǻ1

Induced

Uninduced

n = 3 n = 3 n = 6 n = 6 n = 4 n = 4

b b

0

20

40

60

80

100

120

%
 o

pa
qu

e 
or

 s
ec

to
re

d 
co

lo
ni

es

Induced

Uninduced

wor4ǻ�ǻ wor4ǻ�ǻ
+WOR4 

wor4ǻ�ǻ
+wor4ǻ1

wor4ǻ�ǻ
+wor4ǻ&

wor4ǻ�ǻ
+wor4ǻ1&

n = 3 n = 3 n = 4 n = 4 n = 3 n = 3 n = 5 n = 5 n = 3 n = 3

c

c

e
d

&DWor1 &D&PWor1

In
du

ce
d

U
ni

nd
uc

ed

DE-to-A
&DWor1DBD
/&DCzf1PrLDKR-to-G ǻPolyNQ YF-to-S

DIC

GFP

Hoechst

DIC

GFP

Hoechst

&D&PWor1 PrLD Substitutions

Control

ǻS
RO\
14

Y)
-to

-S

DE-to
-A

&D
W

or1
DBD

�7$
)1

5 P
rLD

&D
W

or1
DBD

�&
D&

zf1
 P

rLD

CaCmWor1 PrLD Substitutions

KR-to
-G

&D
&P
:
RU�

&D
:
RU�

&R
QWU
RO

&D
&P
:
RU�
ǻ�
��

0

20

40

60

80

100

120

%
O

pa
qu

e
or

se
ct

or
ed

co
lo

ni
es Uninduced

Induced

C-PrLDDNA-BD

CaWor1

DNA-BDN-PrLD
Czf1

DNA-BD C-PrLDN-PrLD
Wor4

d

e

f

g

ΔPolyNQ 

GFP

YF-to-S

DE-to- A

KR-to-G

CaWor1 DNA-BD

CmWor1 PrLD

CmWor1 PrLD

CmWor1 PrLD

CmWor1 PrLD

Y/F

Y/F

D/E

D/E

TAF15 PrLD

TAF15 PrLD

CaCzf1 PrLD

CaCzf1 PrLD

0

a
a

a

a
a

&DWor1DBD
/TAF15PrLD

Cells remain in 
opaque state

Does expression of Wor1 mutants 
keep cells in opaque state?

a b 

c 

f 

d 

e 



 185 

a, Schematic of Wor1 PrLD mutants showing substituted amino acid residues for each construct. 
b, Representative images of U2OS cells containing a LacO array (shown in yellow circle) and co-
expressing Wor1 PrLD-LacI-EYFP and mutant Wor1 PrLD-mCherry constructs.  
c, Quantification of WT Wor1 and mutant Wor1 PrLD mCherry signal enrichment at the LacO 
array. See (f) for quantification details. 
d, Schematic illustrating cell state switching assays. C. albicans opaque cells were analyzed for 
the frequency of switching (or remaining) in the opaque state. Opaque cells were plated for single 
colonies on inducing medium or control non-inducing medium. Colony phenotypes were scored 
after 7 days at 22ºC. 
e, Opaque cell switching frequency of indicated constructs expressed from the MET3 promoter in 
a C. albicans strain containing WT WOR1. The C. albicans Wor1 DNA binding domain was fused 
to the PrLD of C. maltosa Wor1 with the indicated amino acid substitutions. Control indicates the 
parental strain with no plasmid integrated. Mean switching frequency is shown in each strain and 
the error bars represent S.D. 
f, Representative images of Flo8 or Czf1 PrLD-LacI-EYFP and WT Wor1 or Wor1 (DE-to-A) 
PrLD-mCherry constructs co-expressed in U2OS LacO cells (left) and quantification of mCherry 
signal enrichment at the LacO array (right). For all quantification, enrichment is defined as 
maximum mCherry intensity at the array divided by average intensity outside of array. Null 
construct is mCherry alone. Enrichment greater than 1 indicates PrLD-PrLD interactions at the 
array. Mean enrichment values are shown, and error bars are S.D. Statistical analysis was 
performed using ordinary one-way ANOVA with Dunnett’s multiple-comparison test, in which 
the mean enrichment value was compared with that for the control Null/LacI construct. 
Experiments were repeated at least twice with similar results, and n ≥ 15 with images analyzed at 
least 15 individual cells per construct. P values are reported for mean values relative to that for the 
Null/LacI control. *P < 0.05; **P < 0.01; ****P < 0.0001; ns = not significant. Scale bars; 10 μm. 
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Fig. 2. Phase-separated TF condensates recruit RNA Pol II in vitro and in U2OS cells.  
a, Representative microscopy images of Czf1, Wor1, and Wor4 protein droplets with addition of 
RNA Pol II GFP-CTD. TF proteins were mixed with GFP-CTD and the mixture treated with TEV 
protease for 30 min at 22ºC in 10 mM Tris-HCl buffer with 150 mM NaCl and 5% PEG-8000. TFs 
were included at 15 μM final concentration and GFP-CTD at 1.5 μM final concentration. Scale 
bar; 5 μm.  
b, Quantification of GFP-CTD recruitment into TF droplets. Droplets were located in the DIC 
channel, and intensity for the GFP signal inside the droplet compared to the intensity signal outside 
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the droplet, after subtracting fluorescent background. At least 5 images were used for 
quantification and 25 total droplets measured for each TF. Box and whisker plots show all data 
points, maximum to minimum, and indicate enrichment ratios for GFP-CTD in Czf1, Wor1, or 
Wor4 droplets. For each plot, data are median (line), mean (‘+’), 25–75th percentiles (box), and 
5–95th percentiles (whiskers). Statistical significance was performed using a two-tailed Mann-
Whitney U-test. ****P <  0.0001.  
c, Representative images of TF PrLD-LacI-EYFP constructs expressed in U2OS LacO Halo-
tagged RPB1 cells (left) and quantification of RPB1 mCherry signal enrichment at the LacO array 
(right). Cells were labeled with Janelia Fluor 549 HaloTag prior to imaging, which is visible as a 
red fluorescent dye (see Materials and Methods). Enrichment is defined as maximum mCherry 
intensity at the array (shown in yellow circle) divided by average intensity outside of array. 
Enrichment greater than 1 indicates PrLD-RNA Pol II interactions at the array. Mean enrichment 
values are shown, and error bars are S.D. Statistical analysis was performed using ordinary one-
way ANOVA with Dunnett’s multiple-comparison test, in which the mean enrichment value was 
compared with that for the control RPB1/LacI construct. P values are reported for mean values 
relative to that for the RPB1/LacI control. Experiments were repeated at least twice with similar 
results, and n = 20 with images analyzed for 20 individual cells per construct. *P < 0.05; ****P < 
0.0001. Scale bar; 10 μm. 
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Fig. 3. Model for phase separation and control of transcriptional programs in C. albicans. 
(1) TF PrLDs (grey lines) and DNA binding domains (DNA BD) drive multivalent interactions 
between proteins. (2) As TF concentrations increase, and other coactivators and transcriptional 
machinery are recruited via LCDs, they undergo LLPS to form multi-molecular protein complexes. 
Different PrLD interactions and structured domain interactions contribute to phase separation 
events. (3) Condensate formation is aided by super-enhancer-like regions (red lines) in the C. 
albicans genome, where multiple TFs associate. (4) Condensates activate target gene expression 
within TRNs, leading to cell state switching events and biofilm formation. Adapted from Hnisz et 
al. and Boija et al. 14,5. Figure made with BioRender.com.  
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Extended Data Figures 

 
ED Fig. 1. ChIP-chip data for master white-opaque TFs at select C. albicans genes. 
Top, ChIP-chip enrichment peaks shown for Wor1 (orange), Wor2 (pink), Wor3 (blue), Czf1 
(green), Efg1 (purple) and Ahr1 (red). Solid lines indicate TF binding and dotted lines indicate 
controls. ORFs are represented by purple boxes and lighter purple boxes represent untranslated 
regions. Bottom, Positions of consensus DNA binding sites for each TF. The large circles represent 
motif hits with >75% of the maximum score, medium circles represent motif hits that have 50–
75% of the maximum score, and small circles represent motif hits that have 25–50% of the 
maximum score. ChIP enrichment plot generated from data in refs.27,30,36 and motif analysis 
performed using data from refs.27,30. 
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ED Fig. 2. Purified C. albicans white-opaque TFs used in this study. 
a, Schematic of TF expression constructs, including 6x histidine tag, MBP, and TEV protease site.  
b, Purified proteins used in this study. SDS-PAGE gels of C. albicans Wor1, Efg1, Czf1 and Wor4 
HIS6-MBP-TF fusion proteins, as well as proteins with different PrLD deletions and those where 
the DBD has been replaced with GFP.  

a 

b 

c 
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c, Image of a HIS6-MBP-Efg1 protein solution (30 μM) without (left) and with (right) the addition 
of TEV protease for 30 min at 22 °C. Cloudiness indicates formation of phase-separated 
condensates, as confirmed by microscopy. Protein droplets formed in 10 mM Tris-HCl, pH 7.4, 
150 mM NaCl at 22 °C. Scale bar; 5 μm. Representative data for an experiment repeated more than 
three times with similar results. 
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ED Fig. 3. Hexanediol treatment selectively disrupts C. albicans TF condensates even during 
co-compartmentalization with other TFs. 
a, Images of Efg1, Czf1, Wor1 (CaCmWor1), and Wor4 droplets at the indicated concentrations 
with or without 10% 1,6- or 2,5-hexanediol. For hexanediol treatment, proteins were incubated 
with TEV for 30 minutes in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, at 22 °C, and then mixed 
with 1,6- or 2,5-hexanediol in the same buffer, incubated for 10 minutes, and imaged. Wor1, Wor4, 
and Czf1 assays also included 5% PEG-8000. Where indicated for Wor4, hexanediol was added 
for 10 minutes and then TEV/PEG-8000 added and the sample incubated for an additional 
30 minutes prior to imaging. Images represent a single experimental replicate with assays repeated 
at least twice with similar results. Scale bars; 10 μm.  
b, Representative images of fluorescently labeled Efg1, Wor1 (CaWor1), Wor4, and Czf1 proteins 
compartmentalized within Efg1 condensates, and treated with 10% 1,6- or 2,5-hexanediol. 
Unlabeled bulk protein (15 μM) was mixed with each of the fluorescently labeled proteins 
(37.5 nM) in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl. Proteins were then incubated at 22 °C with 
TEV for 30 minutes and treated with 1,6- or 2,5-hexanediol in the same buffer for 10 minutes prior 
to imaging. Dylight NHS-Ester labeling of the 4 proteins used fluors of 405, 488, 550 and 633 nm. 
Images represent a single experimental replicate with assays performed three times with similar 
results. Scale bar; 10 μm. Images are maximum Z-stack projections.  
c, Representative images of fluorescently labeled Efg1, Wor1 (CaWor1), Wor4, and Czf1 proteins 
compartmentalized within Czf1, Wor1(CaCmWor1), or Wor4 condensates. Unlabeled bulk 
proteins (15 μM) were mixed with each of the fluorescently labeled proteins (37.5 nM) in 10 mM 
Tris-HCl, pH 7.4, 150 mM NaCl. Proteins were then incubated at 22 °C with TEV for 30 min. 
Dylight NHS-Ester labeling of the 4 proteins used fluors of 488, 550, 405, and 633 nm. Images 
represent a single experimental replicate, with assays performed three times with similar results. 
Scale bars; 10 μm. Images are maximum Z-stack projections. 
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ED Fig. 4. PrLDs enable the co-partitioning of C. albicans white-opaque TFs. 
Analysis of the ability of full-length or truncated TFs to co-partition within Efg1 condensates.  
a, Schematics of the GFP fusion proteins tested in phase separation assays.  
b, Efg1-GFP, Wor4-GFP, Czf1-GFP or Wor1-GFP variants were evaluated for their ability to co-
partition with unlabeled Efg1 droplets. For each protein, the DBD was replaced with GFP. In all 
assays, proteins were incubated with TEV for 30 min at 22 °C in 10 mM Tris-HCl, pH 7.4, 150 mM 
NaCl. Bulk (full-length) Efg1 was present at 30 μM with 3 μM TF-GFP fusion proteins included 
in each reaction. Box and whisker plots show all data points, maximum to minimum, and indicate 
enrichment ratios for each TF-GFP fusion protein with condensates formed by full-length Efg1. 
For each plot, data are median (line), mean (‘+’), 25–75th percentiles (box), and 5–95th percentiles 
(whiskers). Droplets were located in the DIC channel, and the intensity for the GFP signal inside 
the droplet compared to the signal intensity outside the droplet, following subtraction of 
fluorescence background. At least five images were used for quantification, with 25 total droplets 
measured for each construct. Statistical significance was performed using a two-tailed Mann-
Whitney U-test; P-values: a, < 0.0001; ns, not significant. Scale bars; 5 μm. 
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Supplementary Tables 
 

Expression System Plasmid 
number 

Plasmid Name Source 

Bacterial 
Expression 

pRB523 pRBP1-MBP Nick Fawzi 
 

pRB512 pMBP-Wor1 This study 
 

pRB838 pMBP-CaWor1DNABD/CmWor1PrLD This study 
 

pRB516 pMBP-Czf1 This study 
 

pRB514 pMBP-Efg1 This study 
 

pRB549 pMBP-Wor4 This study 
 

pRB592 pMBP-Wor1ΔC-PrLD This study 
 

pRB596 pMBP-Czf1ΔN-PrLD This study 
 

pRB594 pMBP-Efg1ΔN-PrLD This study 
 

pRB593 pMBP-Efg1ΔC-PrLD This study 
 

pRB595 pMBP-Efg1ΔNC This study 
 

pRB597 pMBP-Wor4ΔN-PrLD This study 
 

pRB598 pMBP-Wor4ΔC-PrLD This study 
 

pRB588 pMBP-Wor4ΔNC This study 
 

pRB690 pRecA-GFP SJ Sandler 
(pSJS1488)  

pRB717 pMBP-Efg1[N-GFP-C] This study 
 

pRB883 pMBP-Efg1[N-GFP] This study 
 

pRB885 pMBP-Efg1[GFP-C] This study 
 

pRB719 pMBP-Wor1[GFP-C] This study 
 

pRB919 pMBP-Czf1[N-GFP] This study 
 

pRB887 pMBP-Wor4[N-GFP-C] This study 
 

pRB889 pMBP-Wor4[N-GFP] This study 
 

pRB891 pMBP-Wor4[GFP-C] This study 
 

pRB723 pMBP-GFP  This study 
 

pRB515 pMBP-AHR1 This study 
    

Candida 
expression 

pRB488 pMal2-Wor1 This study 
 

pRB843 pMal2-CaWor1DNABD/CmWor1PrLD This study 
 

pRB760 pMal2-Wor1ΔC This study 
 

pRB652 pMal2-Czf1 This study 
 

pRB653 pMal2-Czf1ΔN This study 
 

pRB755 pMal2-Wor4 This study 
 

pRB757 pMal2-Wor4ΔN This study 
 

pRB758 pMal2-Wor4ΔC This study 
 

pRB770 pMal2-Wor4ΔNC This study 
 

pRB1305 pMet3-Wor1-GFP This study 
 

pRB137 pSFS2A-GFP   A. Hernday 
(pADH76a) 
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pRB157 pMet3-SatR-RP10    A. Hernday 

(pADH33a)  
pRB1307 pMet3-CaWor1DNABD/CmWor1PrLD-GFP This study 

 
pRB1443 pMet3-CaCmWor1D260-GFP This study 

 
pRB1309 pMet3-Czf1-GFP This study 

 
pRB1489 pMet3-CaWor1DNABD-CmWor1PrLD(KRtoG)-GFP  This study 

 
pRB1442 pMet3-CaCmWor1D208-GFP This study 

 
pRB1455 pUC57 with CmWor1 PRLD KRtoG for Ca Gene Universal 

 
pRB1491 pMet3-CaWor1DNABD-CmWor1PrLD(PolyNQdel)-GFP This study 

 
pRB1459 pUC57 with CmWor1 PrLD PolyNQ deletions for C.a. Gene Universal 

 
pRB1493 pMet3-CaWor1DNABD-CmWor1PrLD(YFtoS)-GFP This study 

 
pRB1457 pUC57 with CmWor1 PrLD YFtoS for Ca Gene Universal 

 
pRB1424 pMet3-CaCmWor1(DEtoA)-GFP This study 

 
pRB1342 pUC57 with CmWor1 PrLD (DEtoA) Gene Universal 

 
pRB1485 pMet3-CaWor1DNABD/TAF15PrLD-GFP This study 

 
pRB1487 pMet3-CaWor1DNABD/CaCzf1PrLD-GFP This study 

    

U2OS expression pRB1208 peYFP-LacI Robert Tjian 
 

pRB1209 peYFP-FusLCD-LacI Robert Tjian 
 

pRB1210 peYFP-Taf15LCD-LacI Robert Tjian 
 

pRB1211 peYFP-N-Sp1LCD-LacI Robert Tjian 
 

pRB1222 peYFP-Efg1LPrLD-LacI This study 
 

pRB1216 peYFP-Czf1PrLD-LacI This study 
 

pRB1266 pEYFP-Wor4PrLD-LacI This study 
 

pRB1273 pmCherry-FusLCD Robert Tjian 
 

pRB1207 pmCherry_C1 Robert Tjian 
 

pRB1224 pmCherry-Efg1PrLD This study 
 

pRB1218 pmCherry-Czf1PrLD This study 
 

pRB1503 peYFP-AhrI-LacI This study 
 

pRB1410 peYFP-CmWor1PrLD-LacI for U2OS Gene Universal 
 

pRB1501 peYFP-CmWor1PRLD(DEtoA)-LacI This study 
 

pRB1461  pUC57 with CmWor1 PrLD DEtoA for E. coli / U2OS Gene Universal 
 

pRB1495 peYFP-CmWor1PRLD(YFtoS)-LacI This study 
 

pRB1458 pUC57 with CmWor1 PrLD YFtoS for E. coli / U2OS Gene Universal 
 

pRB1497 peYFP-CmWor1PRLD(KRtoG)-LacI This study 
 

pRB1456 pUC57 with CmWor1 PrLD KRtoG for E. coli / U2OS Gene Universal 
 

pRB1499 peYFP-CmWor1PRLD(delta polyNQ)-LacI This study 
 

pRB1460 pUC57 with CmWor1 PrLD PolyNQ deletions for E. coli / 
U2OS 

Gene Universal 

 
Table S1. Plasmids used in this study. 
 
 



 209 

Oligo 
number 

Oligo Name Oligo Sequence 

4260 CaWor1 DNA-BD Fwd (NdeI) GGACCG CATATG AGCAATAGCAGCATTGTTCC 

4261 Ca Wor1 DNA BD Rev GCTACCTGCAACTGAGCT  

4269 C. maltosa Wor1 PrLD Rev (XhoI) GGACCG CTCGAG TTAATTGCTGGTCGCATA 
ATAACCA  

4268 C. maltosa Wor1 PrLD Fwd (overlaps 
CaWor1DNA-BD) 

GCTCAGTTGCAGGTAGCAATAACGTGGCCAACAATCAA  

3455 CaMAL2 fwd (ApaI)     GGCGCC GGGCCC AGGGCAAGTTTTCGGGAGCC 

3456 CaMAL2-WOR rev GTAGGGACTATACTTGAATTAGACATTGTAGTTGATTATTAGTT
AAACCACTGC 

3457 CaWor1 MAL for ATGTCTAATTCAAGTATAGTCCCTAC 

3458 CaWor1-MAL (XhoI) GCCGGC CTCGAG CCTATAGTACAACACAACATACACC 

3357 pMAL2 for (KpnI)  GGCGCC GGTACC AGGGCAAGTTTTCGGGAGCC 

3358 pMAL2 rev (ApaI)  GCCGCG GGGCCC TGTAGTTGATTATTAGTTAAACCACTGC 

3539 Myc for (XmaI) GCAGTG GGGCCC ATAGCTCCCGGGTTAATTAACGGTGAAC 

3540 Myc rev  GCGTGC GGATCC AACGCCTTCCAGCAATTGTC 

3541 EFG1 0 (ApaI)   GCAGTG GGGCCC ATGTCAACGTATTCTATACCC 

3542 EFG1 1650 GCCGTGGGATCCGATCCCGGGCTTTTCTTCTTTGGCAACAGT
GC 

3890 Wor1 for E.c deltaC (NdeI) Fwd GGACCG CATATG AGCAATAGCAGCATTGTTCCG  

3891 Wor1 for E.c. deltaC (XhoI) Rev GGACCG CTCGAG TTAGCTACCTGCAACTGAGCTG  

3894 Czf1 E.c. deltaN (Nde1) Fwd GGACCG CATATG CCGGAACAGGGCACCA  

3895 Czf1 E.c. deltaN (XhoI) Rev GGACCG CTCGAG TTATTTGCTGCGATATTCAACAATACCAC  

3896 Wor4 for E.coli deltaN (Nde1) Fwd GGACCG CATATG TTTCCGGCAGAACAGAAACGTG  

3813 Efg1 E.coli rev (XhoI) GGACCG CTCGAG TTATTTCTCTTCTTTTGCAACGGT  

3812 Efg1 E.coli fwd (NdeI) GGACCG CATATG AGCACCTATAGCATTCCGTAT  

3893 Efg1 E.c. deltaC (XhoI) Rev GGACCG CTCGAG TTAGCTGCTTTTGCTAATGGCGG  

3892 Efg1 E.c. deltaN (NdeI) Fwd GGACCG CATATG CCGGTTCAGGATACCCTGAA  

3897 Wor4 E.c. deltaN (XhoI) Rev GGACCG CTCGAG TTAAATACCAGGCTGGGTCGG  

3898 Wor4 E.c. deltaC (NdeI) Fwd GGACCG CATATG AGCAGCGATAAACCGGAAC  

3899 Wor4 E.c. deltaC (XhoI) Rev GGACCG CTCGAG TTAATAATCATTGCTCGGCTGAACAT  

4059 EcWOR1 for CACATGGCATGGATGAGCTCTACAAAACCACCAGTATTGTGAA
TAATAGC 

4060 EcWOR1 rev (XhoI) GCCGCC CTCGAG TTAGGTGCCGGTAT 

4057 EcGFP WOR1 for (NdeI) GGCGCC CATATG ATCAGTAAAAGAGAAGAACTTTTCAC 

4058 EcGFP WOR1 rev TTTGTAGAGCTCATCCATGCCATGTG  

4051 EcEFG1 for 0 (NdeI) GGCGCC CATATG AGCACCTATAGCATTCC 

4052 EcEFG1 181 rev TGTCGGCTGCTGCATGGTGCT 

4055 EcEFG1 357 for TCAGGTAATGGTAATAGCATTAGCGC 

4056 EcEFG1 554 rev (XhoI)  GCCGGC CTCGAG TTATTTCTCTTCTTTTGCAA 

4054 EcGFP-EFG1 rev GCGCTAATGCTATTACCATTACCTGATTTGTAGAGCTCATCCAT
GCCAT 

4053 EcGFP-EFG1 for AGCACCATGCAGCAGCCGACAATCAGTAAAAGAGAAGAACTTT
TCAC 

4455 Efg1N-GFP Fwd (Nhe1) GGACCG GCTAGC AGCACCTATAGCATTCCGTATTATAATC 
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4456 Efg1N-GFP Rev (XhoI) GGACCG CTCGAG TTATTTGTAGAGCTCATCCATGCCA 

4457 Efg1GFP-C Fwd (Nhe1) GGACCG GCTAGC 
ATGATCAGTAAAAGAGAAGAACTTTTCACTGG 

4466 EcGfp fwd (Nhe1) GGACCG GCTAGC 
ATGATCAGTAAAAGAGAAGAACTTTTCACTG 

4534 Czf1 PrLD ovrlp with GFP V2 CAGTGAAAAGTTCTTCTCTTTTACTGATAGGGCTCGGTTGCTG
C 

4464 EcGfp rev (Xho1) GGACCG CTCGAG TTATTTGTAGAGCTCATCCATGCCA 

4458 EcGFP fwd ATCAGTAAAAGAGAAGAACTTTTCACTG 

4459 EcGFP rev TTTGTAGAGCTCATCCATGCCA 

4462 Wor4-Cterm fwd overlaps GFP TGGCATGGATGAGCTCTACAAAACCGCAGGCAATTATTGGTAT
G 

4463 Wor4-Cterm rev (XhoI) GGACCG CTCGAG TTAAATACCAGGCTGGGTCGG 

4460 Wor4 Nterm fwd (NheI) GGACCG GCTAGC ATGAGCAGCGATAAACCGG 

4461 Wor4 Nterm rev overlaps GFP CAGTGAAAAGTTCTTCTCTTTTACTGATGCTATTGCTATTGCTC
TGAGGC 

4465 EcGFP fwd (Nhe1) GGACCG GCTAGC 
ATGATCAGTAAAAGAGAAGAACTTTTCACTG 

4122 MBP-GFP fwd (NheI) GGACCG GCTAGC AGTAAAAGAGAAGAACTTTTCACTGG  

4123 MBP-GFP rev (XhoI) GGACCG CTCGAG TTATTTGTAGAGCTCATCCATGCC  

4155 Wor1deltaC for MAL2 fwd (ApaI) GGACCG GGGCCC ATG TCTAATTCAAGTATAGTCCCTACATAT 

4156 Wor1deltaC for MAL2 rev (XmaI) GGACCG CCCGGG TTAACTTCCTGCAACTGAAGAAG 

4368 CmWor1 PrLD fusion to MAL2 fwd CTTCTTCAGTTGCAGGAAGTAATAATGTTGCAAACAACCAAGA
A 

4369 CmWor1 PrLD rev to MAL2 (XmaI) GGACCG CCCGGG TTAATTTGAAGTTGCATAATAACCACCA 

4009 Czf1-FL to MAL2-Myc fwd ApaI GGACCG GGGCCC ATGAGTTCAATACCCAATATCAATTGGA 

4011 Czf1 to MAL2-Myc rev (XmaI) GGACCG CCCGGG 
TTATTTACTTCTGTATTCAACAATACCTCTCA 

4010 Czf1-N to Mal2-Myc fwd (ApaI) GGACCG GGGCCC ATGCCAGAACAAGGAACAAAGAAAAAAC 

4157 Wor4 for Mal2 fwd (ApaI) GGACCG GGGCCC ATGTCGAGTGATAAACCTGAACAAGAA 

4158 Wor4 for Mal2 rev (XmaI) GGACCG CCCGGG TTA AATGCCTGGTTGGGTTG 

4159 Wor4 deltaN fwd (ApaI) GGACCG GGGCCC ATG TTCCCTGCTGAGCAGAAAC 

4160 Wor4 deltaC rev (XmaI) GGACCG CCCGGG TTATGTAATCATTACTAGGCTGAACGT 

5578 Efg1 N-PrLD Fwd (NheI) GGACCG GCTAGC 
GCTACCGGTCGCCACCATGAGCACCTATAGCATTCCG 

5579 Efg1 PrLD Rev TGTCGGCTGCTGCATGGT 

5580 eYFP Fwd overlaps Efg1 ACCATGCAGCAGCCGACAGGTGGTAGTGGTGTGAGCAAGGG
CGAGGAG 

5581 eYFP rev overlaps Efg1 CGCTAATGCTATTACCATTACCTGAACCACTACCACCCTTGTAC
AGCTCGTCCATG 

5583 Efg1 C-PrLD Rev (BspEI) GGACCG TCCGGA TTTCTCTTCTTTTGCAACGGT 

5575 eYFP-Czf1PrLD-LacI Fwd (BsrGI) GGACCG TGTACA 
AGGGTGGTAGTGGTATGAGCAGCATTCCGAATATT 

5576 eYFP-Czf1PrLD-LacI Rev (BspEI) GGACCG TCCGGA AGGGCTCGGTTGCTGCTG 

5671 Wor4 N-PrLD fwd (NheI) GGACCG GCTAGC 
GCTACCGGTCGCCACCATGAGCAGCGATAAACCG 

5672 Wor4 N-PrLd rev GCTATTGCTATTGCTCTGAGG 

5673 YFP Fwd overlaps Wor4 NPrLD CCTCAGAGCAATAGCAATAGCGGTGGTAGTGGTGTGAGCAAG
GGCGAGG 

5674 YFP Rev overlaps Wor4 CPrLD TACCAATAATTGCCTGCGGTACCACTACCACCCTTGTACAGCT
CGTCCATG 

5675 Wor4 C-PrLD Fwd ACCGCAGGCAATTATTGGTA 
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5676 Wor4 C-PrLD Rev (BspEI) GGACCG TCCGGA AATACCAGGCTGGGTCG 

5584 Efg1 C-PrLD Rev TCCGGACTATACCTTTCTCTTCTTTTTTGGATCTTTCTCTTCTTT
TGCAACGGT 

5577 mCherry-Czf1PrLD Rev (BspEI) GGACCG TCCGGA 
CTATACCTTTCTCTTCTTTTTTGGATCAGGGCTCGGTTGCTGCT
G 

317 WOR1 (+100) rev GGTCTTCTGGAAACAGGTTC 

3727 CaMAL2 check -950 fwd GTCGTTGGGGTTGATTTGTTTC  

3946 C.a. Wor1 550 rev CGGTTAAAAATGAACTCGATGCTG  

3722 CaCZF1 750 rev TGCTTGACTTGTTGCTGCTC  

3905 Wor4 to pNIM1 deltaC (BglII) Rev GGACCG AGATCT 
TTATGTAATCATTACTAGGCTGAACGTATTGTG  

1063 Met3-for (promoter) -1020 CAATACGAAATCCAGGGCAC 

6007 Met3 check 1200 fwd AAATTTCCAAGGGGACTCTG  

5778 Wor1 Fwd (XmaI) GGACCGCCCGGGATGTCTAATTCAAGTATAGTCCCTACAT 

5785 Wor1 GGSG Rev (KpnI) GGACCG GGTACC 
ACCACTACCACCAGTACCGGTGTAATACGACC  

5789 GFP fwd (KpnI) GGACCG GGTACC ATGTCTAAAGGTGAAGAATTATTCACTG  

5790 GFP rev (HindIII) GGACCG AAGCTT TTATTTGTACAATTCATCCATACCATGG  

5786 CaCmWor1 GGSG Rev (KpnI) GGACCG GGTACC 
ACCACTACCACCATTTGAAGTTGCATAATAACCACCA  

6222 CmWor1PrLD-D260 rev (KpnI) GACCGGGTACCACCACTACCACCTTGCTGAGGTTGTTGTGGTT
G  

5781 Czf1 Fwd (XmaI) GGACCGCCCGGGATGAGTTCAATACCCAATATCAATTG  

5787 Czf1 GGSG Rev (KpnI) GGACCGGGTACCACCACTACCACCTTTACTTCTGTATTCAACA
ATACCTCTCA  

6234 CaWor1 DNABD rev ACTTCCTGCAACTGAAGAAG 

6236 CmWor1PrLD QNdel Fwd CTTCTTCAGTTGCAGGAAGTAATAATGTTGCACAAGAAGTTCC
G 

6237 CmWor1PrLd QNdel Rev KpnI GGACCGGGTACCACCACTACCACCATTTGAAGTTGCATAATAA
CCACCA 

6235 CmWor1PrLD YFtoS rev KpnI GGACCGGGTACCACCACTACCACCATTTGAAGTTGCTGATGAA
CCAC 

6125 CmWor1PrLD YtoF rev KpnI GGACCGGGTACCACCACTACCACCATTTGAAGTTGCAAAAAAA
CCAC 

6248 Taf15 PrLD Fwd OL Wor1 CTTCTTCAGTTGCAGGAAGTTCGGATTCTGGAAGTTACGG 

6249 Taf15 PrLD Rev KpnI GGACCGGGTACCACCACTACCACCGTCACCACCACTTGATCC
T 

6250 Czf1 PrLD Fwd OL Wor1 CTTCTTCAGTTGCAGGAAGTAGTTCAATACCCAATATCAATTGG
AA 

6251 Czf1 PrLD Rev KpnI GGACCGGGTACCACCACTACCACCCGGCAGTGGCTGTTGTTG 

6269 Ahr1 EYFP Fwd BsrGI GTAATTGTACAAGGGTGGTAGTGGTAACCCGGATGATAACA 

6270 Ahr1 EYFP Rev XmaI TGACTCCCGGGTTAATCGCTCACCGGATGAATATAACGCACG
GTCCA 

6117 CmWor1PRLD YFPLacI Fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTAATAACGTGGCCAACA
ATCAA 

6118 CmWor1 PRLD YFPLacI Rev BspEI GGACCGTCCGGAATTGCTGGTCGCATAATAACC 

6244 CmWor1PrLD DE to A fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTAACAACGTTGCCAATA
ATCAG 

6245 CmWor1PrLD DE to A rev BspEI GGACCGTCCGGAATTAGAGGTGGCATAATAACCACC 

6238 CmWor1PrLD YF to S fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTAACAACGTTGCCAATA
ATCAGG 

6239 CmWor1PrLD YF to S rev BspEI GGACCGTCCGGATTAATTAGAGGTGGCGCTAGAA 

6240 CmWor1PrLD KR to G fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTAACAACGTTGCCAATA
ATCAAGA 
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6241 CmWor1PRLD KR to G rev BspEI GGACCGTCCGGAATTGCTGGTAGCATAATAGCC 

6242 CmWor1 PRLD QNdel fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTAACAACGTTGCTCAGG
AAG 

6243 CmWor1PrLD NQdel rev BspEI GGACCGTCCGGAATTGCTGGTAGCATAATAACCG 

 
Table S2. Oligonucleotides used in this study.  
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Strain number Genotype Source 
CAY9465 wh11-mScarlet Op4-mNeonGreen Frazer et al 2019 
CAY189 wor1Δ/Δ Johnson Lab (RZY219) 

CAY191 czf1Δ/Δ Johnson Lab (MMY663) 
CAY7409 wor4Δ/Δ Hernday Lab (AHY861) 

CAY7593/7594 wor1Δ/Δ Mal2-Wor1 This study 

CAY8507/8508 worΔ/Δ Mal2-Wor1ΔC This study 
CAY7956/7957 czf1Δ/Δ Mal2-Czf1 This study 

CAY7958/7959 czf1Δ/Δ Mal2-Czf1ΔN This study 
CAY8502 wor4Δ/Δ Mal2-Wor4 This study 

CAY8503/8504 wor4Δ/Δ Mal2-Wor4ΔN This study 

CAY8505/8506 wor4Δ/Δ Mal2-Wor4ΔC This study 
CAY8557/8558 wor4Δ/Δ Mal2-Wor4ΔNC This study 
   

RBY1177 MTLa/a arg4- Bennett Lab 

CAY11704/11705 Met3-CaWor1-GFP  This study 
CAY11706/11707 Met3-CaWor1DNABD/CmWor1PrLD-GFP This study 

CAY11736/11737 Met3-CaWor1DNABD/CmWor1PrLDΔ260-GFP  This study 

CAY11776/11777 Met3-CaWor1DNABD/CmWor1PrLD(KR-to-G)-GFP This study 
CAY11778/11779 Met3-Wor1DNABD /CmWor1PrLD(ΔpolyNQ)-GFP This study 

CAY11780/11781 Met3-CaWor1DNABD/CmWor1PrLD(YF-to-S)-GFP This study 
CAY11712/11713 Met3-CaWor1DNABD/CmWor1PrLD(DE-to-A)-GFP This study 

CAY11772/11773 Met3-CaWor1DNABD/TAF15PrLD-GFP  This study 

CAY11774/11775 Met3CaWor1DNABD/CaCzf1PrLD-GFP  This study 

  
Table S3. C. albicans strains used in this study.  
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Supplementary Tables 

Expression System Plasmid Number Plasmid Name Source 

Bacterial expression pRB523 pRBP1-MBP Nick Fawzi 
 

pRB514 pMBP-Efg1 Frazer & Staples et al. 2020 
 

pRB971 pMBP-Flo8 This study 
 

pRB690 pRecA-GFP SJ Sandler (pSJS1488) 
 

pRB984 pRpo21 CTD E.coli optimized This study 
 

pRB1034 pMBP-GFP-RNA Pol II-CTD  This study 
 

pRB723 pMBP-GFP Frazer & Staples et al. 2020 
 

pRB960 Flo8 in pUC57 E.coli optimized This study 
 

pRB832 pMBP-Brg1 This study 
 

pRB841 pMBP-Bcr1 This study 
    

Candida expression pRB360 pSFS2A Efg1 FL add back Bennett Lab 
 

pRB630 pSFS2A Efg1 ∆N PrLD add back This study 
 

pRB632 pSFS2A Efg1 ∆C PrLD add back This study 
 

pRB634 pSFS2A Efg1 ∆NC PrLD add back This study 
 

pRB1397 pSFS2A-GGA Adapter This study 
 

pRB1610 pSFS2A Efg1 YF-to-S add back This study 
 

pRB1858 pUC57 with Efg1 YF-to-S for Ca BioBasic 
 

pRB1612 pSFS2A Efg1 ∆polyQ add back This study 
 

pRB1860 pUC57 with Efg1 ∆polyQ for Ca BioBasic 
 

pRB1611 pSFS2A Efg1 polyQ with G add back This study 
 

pRB1859 pUC57 Efg1 polyQ with G for Ca BioBasic 
 

pRB1601 pSFS2A Brg1 FL add back This study 
 

pRB1602 pSFS2A Brg1 ∆N PrLD add back This study 
 

pRB1603 pSFS2A Brg1 ∆C PrLD add back This study 
 

pRB1604 pSFS2A Brg1 ∆NC PrLD add back This study 
 

pRB1739 pSFS2A Brg1 YF-to-S add back This study 
 

pRB1862 pUC57 with Brg1 YF-to-S for Ca BioBasic 
 

pRB1740 pSFS2A Brg1 ∆polyQ add back This study 
 

pRB1864 pUC57 with Brg1 ∆polyQ for Ca BioBasic 
 

pRB1741 pSFS2A Brg1 polyQ with G add back This study 
 

pRB1863 pUC57 with Brg1 polyQ with G for Ca BioBasic 
 

pRB1742 pSFS2A Bcr1 FL add back This study 
 

pRB1743 pSFS2A Bcr1 ∆N PrLD add back This study 
 

pRB1744 pSFS2A Bcr1 ∆C PrLD add back This study 
 

pRB1745 pSFS2A Bcr1 ∆NC PrLD add back This study 
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pRB1746 pSFS2A Bcr1 YF-to-S add back This study 

 
pRB1865 pUC57 with Bcr1 YF-to-S for Ca BioBasic 

 
pRB1747 pSFS2A Bcr1 ∆polyQ add back This study 

 
pRB1864 pUC57 with Bcr1 ∆polyQ for Ca BioBasic 

 
pRB1748 pSFS2A Bcr1 polyQ with G add back This study 

 
pRB1866 pUC57 with Bcr1 polyQ with G for Ca BioBasic 

 
pRB1790 pSFS2A Flo8 FL add back This study 

 
pRB1791 pSFS2A Flo8 ∆N PrLD add back This study 

 
pRB1871 pUC57 with Flo8 ∆N for Ca Twist BioScience 

 
pRB1793 pSFS2A Flo8 YF-to-S add back This study 

 
pRB1867 pUC57 with Flo8 YF-to-S for Ca BioMatik 

 
pRB1794 pSFS2A Flo8 ∆polyQ add back This study 

 
pRB1868 pUC57 with Flo8 ∆polyQ for Ca BioMatik 

 
pRB1795 pSFS2A Flo8 polyQ with G add back This study 

 
pRB1869 pUC57 with Flo8 polyQ with G for Ca BioMatik 

    

U2OS expression pRB1208 peYFP-LacI Robert Tjian 
 

pRB1207 pmCherry_C1 Robert Tjian 
 

pRB1222 peYFP-Efg1LPrLD-LacI Frazer & Staples et al. 2020 
 

pRB1262 peYFP-Flo8 PrLD/AD-LacI This study 
 

pRB1595 pEYFP-Brg1PrLD-LacI This study 
 

pRB1597 pEYFP-Bcr1PrLD-LacI This study 
 

pRB1224 pmCherry-Efg1PrLD Frazer & Staples et al. 2020 
 

pRB1264 pmCherry-Flo8 PrLD/AD This study 

 
Table S1. Plasmids used in this study. 
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Oligo 
Number 

Oligo Name Oligo Sequence 

1838 Efg1 ab Fwd CGGCCGGGTACCATTGCCCTACCCATCTACTCGC 

1839 Efg1 ab Rev GGCCGCGGGCCCTGTCAATGGATTTGGGAGAAG 

3916 Efg1-AB deltaN Rev TTCAACGTATCCTGAACAGGCATTAATATG 
GGTTATATTCTTGGTAGTCA  

3915 Efg1-AB deltaN Fwd TGACTACCAAGAATATAACCCATATTAATG 
CCTGTTCAGGATACGTTGAAC  

3918 Efg1-AB deltaC Rev CAGAAGGTGATGTACACGAATGATATTTAT 
TAAGAACTTTTGGAAATAGCAGTAGC  

3917 Efg1-AB deltaC Fwd GCTACTGCTATTTCCAAAAGTTCTTAATAA 
ATATCATTCGTGTACATCACCTTCTG  

6422 Efg1 3’UTR SacII Fwd GGTGACCGCGGTAAATATCATTTGTGTACATCACCTTCTG 

6423 Efg1 3’UTR SacII Rev GGTACTGAGCTCGTCTTATGCATCACCTACACG 

6376 Efg1 5’UTR Fwd GGA GGACCGGGTCTCTCAGTaattgaagagacaagcaaacaaac 

6377 Efg1 5’UTR PrLDs YFtoS Rev GGA GGACCGGGTCTCAacattaatatgggttatattcttggtagtcaaatag 

6378 Efg1 NPrLD YFtoS Fwd GGA GGACCGGGTCTCTatgtcaacgTCAtctatacccT 

6379 Efg1 NPrLD YFtoS Rev GGA GGACCGGGTCTCTgagttggttgttgcattgtcg 

6380 Efg1 WT DBD for YFtoS PrLDs Fwd 
GGA 

GGACCGGGTCTCTactcctgttcaggatacgttgaac 

6381 Efg1 WT DBD for YFtoS PrLDs Rev 
GGA 

GGACCGGGTCTCTaccgctagaacttttggaaatagcagtagc 

6382 Efg1 CPrLD YFtoS Fwd GGA GGACCGGGTCTCTcggtaatgggaacagtatatctg 

6383 Efg1 CPrLD YFtoS Rev GGA GGACCGGGTCTCTAGTAttacttttcttctttggcaacagt 

6391 Efg1 PolyQdel in PrLDs 5’UTR Rev 
GGA 

GGACCGGGTCTCTacaTtaatatgggttatattcttggtagtcaaatag 

6392 Efg1 NPrLD PolyQdel Fwd GGA GGACCGGGTCTCTAtgtcaacgtattctataccctattaca 

6393 Efg1 NPrLD PolyQdel Rev GGA GGACCGGGTCTCTgagttggttgttgcattgtcg 

6394 Efg1 PolyQdel in PrLDs WT DBD 
Fwd GGA 

GGACCGGGTCTCTactcctgttcaggatacgttgaac 

6395 Efg1 PolyQdel in PrLDs WT DBD 
Rev GGA 

GGACCGGGTCTCTttttggaaatagcagtagcagc 

6396 Efg1 CPrLD PolyQdel Fwd GGA GGACCGGGTCTCTaaaagttctAgcggtaatgggaacagt 

6397 Efg1 CPrLD PolyQdel Rev GGA GGACCGGGTCTCTAGTAttacttttcttctttggcaacagt 

6384 Efg1 PolyQG PrLDs 5’UTR Rev GGA GGACCGGGTCTCTggttatattcttggtagtcaaatagaacaaatct 

6385 Efg1 NPrLD PolyQG Fwd GGA GGACCGGGTCTCTaacccatattaatgtcaacgtattctataccctattac 

6386 Efg1 NPrLD PolyQG Rev GGA GGACCGGGTCTCTagttggttgttgcattgtcg 

6387 Efg1 PolyQG DBD WT Fwd GGA GGACCGGGTCTCTaactcctgttcaggatacgttgaac 

6388 Efg1 PolyQG DBD WT Rev GGA GGACCGGGTCTCTttttggaaatagcagtagcagcag 

6389 Efg1 CPrLD PolyQG Fwd GGA GGACCGGGTCTCTaaaagttctagcggtaatgggaacagt 

6390 Efg1 CPrLD PolyQG Rev GGA GGACCGGGTCTCTAGTAttacttttcttctttggcaacagt 

6103 Brg1 3’UTR SacII Fwd TATCCGCGGCTGGCGGTATTCCT 

6104 Brg1 3’UTR SacI Rev TGCCTAGAGCTCCCAATTACACAACATTAA 

6099 Brg1 5’UTR KpnI Fwd TAAGCAGGTACCCAACTAGTTTAATAACCC 

6102 Brg1 deltaN ORF ApaI Rev TATGTAGGGCCCCTAACATATGTTGTTGTG 

6113 Brg1 deltaN ORF Rev TGCCTAGATTACTCTTGTCACTGG 

6112 Brg1 deltaN DNA BD ORF overlap 
Fwd 

ACTTAGCCCAGTGACAAGAGTAATCGTAACACATCAAGGTCATATAA
TAGCAGTG 
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6105 Brg1 deltaC ORF ApaI Rev TGCTTAGGGCCCTTTTAAACTCTCATTCAA 

6569 Brg1 YF to S 5UTR and ORF GGA 
Fwd 

GGACCGGGTCTCTCAGTACTTGTTTTGGAGATTGCCT 

6570 Brg1 YF to S 5UTR and ORF GGA 
Rev 

GGACCGGGTCTCTGATTACTCTTGTCACTGGGC 

6571 Brg1 YF to S NPrLD GGA Fwd GGACCGGGTCTCTAATCAATACCCCACCACAACAAC 

6572 Brg1 YF to S NPrLD GGA Rev GGACCGGGTCTCTTTACAGATGGTGGTGGAGGTG 

6573 Brg1 YF to S DBD GGA Fwd GGACCGGGTCTCTGTAACACATCAAGGTCATATAATAGCA 

6574 Brg1 YF to S DBD GGA Rev GGACCGGGTCTCTTTGTTTTAAACTCTCATTCAAAAGATGTTTCTTC
A 

6575 Brg1 YF to S CPrLD GGA Fwd GGACCGGGTCTCTACAACAACAACAAATTAATGGTGTGG 

6576 Brg1 YF to S CPrLD GGA Rev GGACCGGGTCTCTAGTACTAACATATGTTGTTGTGTTGCTG 

6614 Brg1 deltaPolyQ NEW GGA DBD 
Rev 

GGACCGGGTCTCTTAATTTTTAAACTCTCATTCAAAAGATGTTTCTT 

6615 Brg1 deltaPolyQ NEW GGA CPrLD 
Fwd 

GGACCGGGTCTCTATTAATGGTGTGGGTATTCCG 

6577 Brg1 polyQ with G NPrLD GGA Rev GGACAGGGTCTCTTTACAGATGGTGGTGGAGGTG 

6578 Brg1 polyQ with G DBD GGA Rev GGACCGGGTCTCTCCTTTTAAACTCTCATTCAAAAGATGTTTCTTC 

6579 Brg1 polyQ with G CPrLD GGA Fwd GGACCGGGTCTCTAAGGTCAAGGTCAAATTAATGGTGT 

6580 Brg1 polyQ with G CPrLD GGA Rev GGACAGGGTCTCTAGTACTAACATATGTTGTTGTGTTGACC 

6095 Bcr1 3’UTR SacII Fwd GAAGCACCGCGGCAATAATAATAAGAAGAA 

6096 Bcr1 3’UTR SacI Rev TGCGGAGAGCTCCATATCATATCTTTACTC 

6622 Bcr1 deltaN GGA 5’UTR Fwd ggctacggtctcccagtCTTAAATTATTTTTGTTTGTCAAGTC 

6625 Bcr1 deltaN GGA deltaN ORF Rev ggctacggtctccagtaTTATTGTGATATTAAATTATTTATCGTAGGTTTTTTC 

6623 Bcr1 deltaN GGA 5’UTR Rev ggctacggtctccGAGATAGTATTATTAATTATAGTTGTTGTAG 

6624 Bcr1 deltaN GGA deltaN ORF Fwd ggctacggtctcctctcgatatatatcATGGTGCCTCCTTTACGTG 

6626 Bcr1 deltaC GGA Bcr1 ORF until C-
PrLD Fwd 

ggctacggtctcacagtCTTAAATTATTTTTGTTTGTCAAGTC 

6627 Bcr1 deltaC GGA Bcr1 ORF until C-
PrLD Rev 

ggctacggtctcaatcaaaagtggtAGCTTTCTTCTCTTGTTG 

6628 Bcr1 deltaC GGA Bcr1 ORF after C-
PrLD Fwd 

ggctacggtctcaTGATCCTATGGCATTGCC 

6629 Bcr1 deltaC GGA Bcr1 ORF after C-
PrLD Rev 

ggctacggtctctagtaTTATTGTGATATTAAATTATTTATCGTAGGTTTTTTC 

6630 Bcr1 deltaNC GGA 5’UTR Fwd ggctacggtctcgcagtCTTAAATTATTTTTGTTTGTCAAGTC 

6631 Bcr1 deltaNC GGA 5’UTR Rev ggctacggtctcctgatATATATCGAGATAGTATTATTAATTATAGTTG 

6632 Bcr1 deltaNC GGA Bcr1 ORF no N-
PrLD Fwd 

ggctacggtctccatcaTGGTGCCTCCTTTACGTG 

6633 Bcr1 deltaNC GGA Bcr1 ORF no N-
PrLD Rev 

ggctacggtctccTCTCTTGTTGTTTCAATTTCTTTTTCAG 

6634 Bcr1 deltaNC GGA Bcr1 ORF no C-
PrLD Fwd 

ggctacggtctccgagaagaaagctACCACTTTTGATCCTATG 

6635 Bcr1 deltaNC GGA Bcr1 ORF no C-
PrLD Rev 

ggctacggtctctagtaTTATTGTGATATTAAATTATTTATCGTAGG 

6863 Bcr1 YF to S 5UTR GGA Fwd ggctacggtctcccagtCTTAAATTATTTTTGTTTGTCAAGTC 

6864 Bcr1 YF to S 5UTR GGA Rev ggctacggtctcgtgatgtccctgacatGATATATATCGAGATAGTATTATTAATTA
TAGTTG 

6865 Bcr1 YF to S NPrLD GGA Fwd ggctacggtctcgATCACAAGTACTTCAAAACG 

6866 Bcr1 YF to S NPrLD GGA Rev ggctacggtctcggtgcacgtaaaggaggcacGGCTGATGATTGTTGATTTG 

6867 Bcr1 YF to S DBD and ORF GGA 
Fwd 

ggctacggtctcgGCACCACCTCCATTGAATAC 
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6868 Bcr1 YF to S DBD and ORF GGA 
Rev 

ggctacggtctccTCTCTTGTTGTTTCAATTTCTTTTTC 

6869 Bcr1 YF to S CPrLD GGA Fwd ggctacggtctccgagaagaaagctCAACAACAAGCTCAACTTC 

6870 Bcr1 YF to S CPrLD GGA Rev ggctacggtctcgaaagtggtATTTGGTGGTGATTGTCTTG 

6871 Bcr1 YF to S 3’ORF GGA Fwd ggctacggtctcgCTTTTGATCCTATGGCATTG 

6872 Bcr1 YF to S 3’ORF GGA Rev ggctacggtctctagtaTTATTGTGATATTAAATTATTTATCGTAGG 

6873 Bcr1 deltaPolyQ 5UTR GGA Fwd ggctacggtctcacagtCTTAAATTATTTTTGTTTGTCAAGTC 

6874 Bcr1 deltaPolyQ 5UTR GGA Rev ggctacggtctccGAGATAGTATTATTAATTATAGTTGTTGTAG 

6875 Bcr1 deltaPolyQ NPrLD GGA Fwd ggctacggtctcctctcgatatatatcATGTCAGGGACATCACAAG 

6876 Bcr1 deltaPolyQ NPrLD GGA Fwd ggctacggtctccgtaaaggaggcacGGCATAATATTGTTGATTTGC 

6877 Bcr1 deltaPolyQ DBD and ORF GGA 
Fwd 

ggctacggtctccTTACGTGCACCACCTCCATTG 

6878 Bcr1 deltaPolyQ DBD and ORF GGA 
Rev 

ggctacggtctcttgagcAGCTTTCTTCTCTTGTTGTTTCAATTTC 

6879 Bcr1 deltaPolyQ CPrLD GGA Fwd ggctacggtctctCTCAACTTGTTCACATGC 

6880 Bcr1 deltaPolyQ CPrLD GGA Rev ggctacggtctcaTGGATATTGTCTATATGGATCC 

6881 Bcr1 deltaPolyQ 3’ORF GGA Fwd ggctacggtctcatccaccaaatACCACTTTTGATCCTATG 

6882 Bcr1 deltaPolyQ 3’ORF GGA Rev ggctacggtctccagtaTTATTGTGATATTAAATTATTTATCGTAGG 

6883 Bcr1 PolyQwG 5UTR GGA Fwd ggctacggtctctcagtCTTAAATTATTTTTGTTTGTCAAGTC 

6884 Bcr1 PolyQwG 5UTR GGA Rev ggctacggtctcgtgatgtccctgacatGATATATATCGAGATAGTATTATTAATTA
TAGTTG 

6885 Bcr1 PolyQwG NPrLD GGA Fwd ggctacggtctcgATCACAAGTACTTCAAAACG 

6886 Bcr1 PolyQwG NPrLD GGA Rev ggctacggtctccggaggcacGGCATAATATTGTTGATTTGC 

6887 Bcr1 PolyQwG DBD and ORF GGA 
Fwd 

ggctacggtctccCTCCTTTACGTGCACCAC 

6888 Bcr1 PolyQwG DBD and ORF GGA 
Rev 

ggctacggtctcaTCTTCTCTTGTTGTTTCAATTTC 

6889 Bcr1 PolyQwG CPrLD GGA Fwd ggctacggtctcaaagaaagctGGTCAAGGTGCTCAACTTC 

6890 Bcr1 PolyQwG CPrLD GGA Rev ggctacggtctctTTGGTGGATATTGTCTATATGG 

6891 Bcr1 PolyQwG 3’ORF GGA Fwd ggctacggtctctccaaatACCACTTTTGATCCTATG 

6892 Bcr1 PolyQwG 3’ORF GGA Rev ggctacggtctctagtaTTATTGTGATATTAAATTATTTATCGTAGG 

6089 Flo8 3’UTR SacII Fwd TAACGTCCGCGGAGGAGTTTTTGAATTTTT 

6090 Flo8 3’UTR SacI Rev TGCTTAGAGCTCACCGAAACTTCAAATTAA 

6085 Flo8 5’UTR ApaI Fwd TAAGCAGGGCCCATCTTACCCACTTTTATC 

6088 Flo8 deltaN ORF XhoI Rev TGCTTACTCGAGCTAATCGCCATTTTCAAT 

6086 Flo8 5’UTR Rev TGCTTAAGTATTGGATGATGATGGAGTTGC 

6108 Flo8 deltaN DNA BD ORF overlap 
Fwd 

CTCAGAGTCCAAGAAACTCAAAAACATCTTTTCAGTCAACTTCCTCT
CATATTATTAGA 

4877 GFP fwd NheI GGACCGGCTAGCAGTAAAAGAGAAGAACTT 
TTCACTGGAG 

4878 GFP rev TTTGTAGAGCTCATCCATGCCA  

5084 RpoII-CTD fwd overlapsGFP GGCATGGATGAGCTCTACAAAGGTGGTAGT 
GGTTATACCAGCCCAGGTTATGG  

5085 RpoII-CTD Rev XhoI GGACCGCTCGAGTTAATTTTCATCTTTTTT 
CGGCGG 

4122 MBP-GFP fwd NheI GGACCGGCTAGCAGTAAAAGAGAAGAACTT 
TTCACTGG  

4123 MBP-GFP rev XhoI GGACCGCTCGAGTTATTTGTAGAGCTCATC 
CATGCC  
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5578 Efg1 N-PrLD Fwd NheI GGACCGGCTAGCGCTACCGGTCGCCACCAT 
GAGCACCTATAGCATTCCG 

5579 Efg1 PrLD Rev TGTCGGCTGCTGCATGGT 

5580 eYFP Fwd overlaps Efg1 ACCATGCAGCAGCCGACAGGTGGTAGTGGT 
GTGAGCAAGGGCGAGGAG 

5581 eYFP rev overlaps Efg1 CGCTAATGCTATTACCATTACCTGAACCAC 
TACCACCCTTGTACAGCTCGTCCATG 

5583 Efg1 C-PrLD Rev BspEI GGACCGTCCGGATTTCTCTTCTTTTGCAAC 
GGT 

5680 Flo8PrLD_AD Fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTCCGC 
TGATTCAGCAGC 

5681 Flo8PrLDAD Rev BspEI GGACCGTCCGGAATTTTCAATCGGATCTGC 
GG 

6502 Brg1 PrLD EYFP SpeI Fwd GGTACTACTAGTATCAATACTCCACCACAGCAA 

6503 Brg1 NPrLD EYFP overlap Rev TCGCCCTTGCTCACCATACCACTACCACCTGGTGGTGGAGGTGGAA 

6518 EYFP Fwd overlaps Brg1 GGACTGATGGTGAGCAAGGGCG 

6519 EYFP Rev overlaps Brg1 GGACTGCTTGTACAGCTCGTCCATG 

6504 Brg1 CPrLD EYFP overlap Fwd CATGGACGAGCTGTACAAGGGTGGTAGTGGTAAGCAGCAGCAACA
GATC 

6505 Brg1 CPrLD EYFP BspEI Rev GCTAGCTCCGGAGCAGATGTTGTTGTGCTGC 

6510 Bcr1 NPrLD EYFP NheI Fwd GGTCGGGCTAGCGCTACCGGTCGCCACCATGAGCGGCACCAGC 

6511 Bcr1 NPrLD EYFP overlap Rev CGCCCTTGCTCACCATACCACTACCACCTGCATAATACTGCTGATTT
GCAT 

6512 Bcr1 CPrLD EYFP overlap Fwd CATGGACGAGCTGTACAAGGGTGGTAGTGGTCAGCAGCAGGCCC 

6513 Bcr1 CPrLD EYFP BspEI Rev CATGGATCCGGAATTCGGAGGATACTGACGAT 

5584 Efg1 C-PrLD Rev TCCGGACTATACCTTTCTCTTCTTTTTTGG 
ATCTTTCTCTTCTTTTGCAACGGT 

5682 Flo8PrLDAD-NLS REV BspEI GGACCGTCCGGACTATACCTTTCTCTTCTT 
TTTTGGATCATTTTCAATCGGATCTGCGG 

1840 EFG1 ab check right Fwd GGGGAAGCAAAACTAAGAAAAGTAG 

2933 Efg1 q I +619 rev CTCGTGGTCTGATTCCTGGT 

4438 pSFS2A check left Rev CTCAACCATAGCAATCATGG 

4439 pSFS2A check Right Fwd GCGAAAAAGTGGGCACTAAG  

6458 Efg1 3’UTR junction check Rev GAGTGAATACTATTGTGAAATTTTGATTAGG 

6429 Brg1 5UTR junction check Fwd ACTTGTTTTGGAGATTGCCTGTT 

6430 Brg1 3UTR junction check Rev CCTTACTGGCTTCATTGATTCCTAAGAT 

6431 Bcr1 5UTR junction check Fwd ACACGTAAATATGTATGCATATCATGCA 

6432 Bcr1 3UTR junction check Rev GGAATTGGGATTGGAATTTGGATTGAAT 

6425 Flo8 5UTR junction check Fwd AGATAGCTGGATGGTCAGACAG 

6426 Flo8 3UTR junction check Rev CGGACCAGACATGTCATATATGGAT 

 
Table S2. Oligonucleotides used in this study. 
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Strain number Genotype Source 
CAY3009 efg1∆/∆ Clarissa Nobile 
CAY9725 efg1∆/∆::EFG1 This study 
CAY9728 efg1∆/∆::EFG1 ∆N  This study 
CAY9730 efg1∆/∆::EFG1 ∆C This study 
CAY9732 efg1∆/∆::EFG1 ∆NC This study 
CAY11947 efg1∆/∆::EFG1 YF-to-S This study 
CAY11949 efg1∆/∆::EFG1 ∆polyQ This study 
CAY11948 efg1∆/∆::EFG1 polyQG This study 
CAY3004 brg1∆/∆ Clarissa Nobile 
CAY11942 brg1∆/∆::BRG1 This study 
CAY11943 brg1∆/∆::BRG1 ∆N  This study 
CAY11944 brg1∆/∆::BRG1 ∆C This study 
CAY11945 brg1∆/∆::BRG1 ∆NC This study 
CAY12228 brg1∆/∆::BRG1 YF-to-S This study 
CAY12222 brg1∆/∆::BRG1 ∆polyQ This study 
CAY12225 brg1∆/∆::BRG1 polyQG This study 
CAY3008 bcr1∆/∆ Clarissa Nobile 
CAY12231 bcr1∆/∆::BCR1 This study 
CAY12234 bcr1∆/∆::BCR1 ∆N  This study 
CAY12237 bcr1∆/∆::BCR1 ∆C This study 
CAY12240 bcr1∆/∆::BCR1 ∆NC This study 
CAY12394 bcr1∆/∆::BCR1 YF-to-S This study 
CAY12398 bcr1∆/∆::BCR1 ∆polyQ This study 
CAY12402 bcr1∆/∆::BCR1 polyQG This study 
CAY9742 flo8∆/∆ Deb Hogan 
CAY12701 flo8∆/∆:: FLO8 This study 
CAY12462 flo8∆/∆:: FLO8 ∆N  This study 
CAY12697 flo8∆/∆::FLO8 YF-to-S This study 
CAY12699 flo8∆/∆::FLO8 ∆polyQ This study 
CAY12700 flo8∆/∆::FLO8 polyQG This study 
CAY3010 MTLa/𝛼 arg4- Clarissa Nobile (OHY13) 
CAY9746 MTLa/𝛼	SC5314  Deb Hogan 

 
Table S3. C. albicans strains used in this study. 
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Supplementary Tables 

Expression 
System 

Plasmid 
Number 

Plasmid Name Source 

Bacterial 
Expression 

pRB523 pRBP1-MBP Nick Fawzi 
 

pRB514 pMBP-Efg1 Frazer & Staples et 
al. 2020  

pRB516 pMBP-Czf1 Frazer & Staples et 
al. 2020  

pRB549 pMBP-Wor4 Frazer & Staples et 
al. 2020  

pRB512 pMBP-Wor1 Frazer & Staples et 
al. 2020  

pRB791 C. maltosa Wor1 PrLD in pUC57 codon 
optimized for E. coli 

Gene Universal  
 

pRB838 MBP-CaWor1 DNA-BD CmPrLD Frazer & Staples et 
al. 2020  

pRB690 pRecA-GFP SJ Sandler 
(pSJS1488)  

pRB984 pRpo21 CTD E.coli optomized This study 
 

pRB1034 pMBP-GFP-RNA Pol II-CTD  This study 
 

pRB723 MBP-GFP Frazer & Staples et 
al. 2020  

pRB960 CaFlo8 in pUC57 codon optimized for E.coli Gene Universal  
    

Candida 
expression 

pRB1307 pMET3–CaWOR1DBD/CmWOR1PrLD–GFP  Frazer & Staples et 
al. 2020  

pRB843 pMal2-CaWor1 DNA-BD/Cm PrLD fusion  Frazer & Staples et 
al. 2020  

pRB137 pSFS2A-GFP   A. Hernday 
(pADH76a)  

pRB157  pMet3-SatR-RP10    A. Hernday 
(pADH33a)  

pRB1495 pMET3–CaWOR1DBD/CmWOR1PrLD(YF-
to-S)–GFP 

Frazer & Staples et 
al. 2020  

pRB1442 pMet3-CaCmWor1D208-GFP Frazer & Staples et 
al. 2020  

pRB1457  pUC57 with CmWor1 PrLD YFtoS for Ca Gene Universal 
 

pRB1309 pMet3-Czf1-GFP Frazer & Staples et 
al. 2020  

pRB1424 pMET3–CaWOR1DBD/CmWOR1PrLD(DE-
to-A)–GFP 

Frazer & Staples et 
al. 2020  

pRB1342 pUC57 with CmWor1 PrLD (DEtoA) Gene Universal 
    

U2OS 
expression 

pRB1222 peYFP-Efg1LPrLD-LacI Frazer & Staples et 
al. 2020  

pRB1208 peYFP-LacI Robert Tjian 
 

pRB1410 peYFP-CmWor1PrLD-LacI for U2OS Frazer & Staples et 
al. 2020 
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pRB1216 peYFP-Czf1PrLD-LacI Frazer & Staples et 

al. 2020  
pRB1266 peYFP-Wor4PrLD-LacI Frazer & Staples et 

al. 2020  
pRB1262 peYFP-Flo8 PrLD/AD-LacI This study 

 
pRB1623 pmCherry-CmWor1 PrLD This study 

 
pRB1207 pmCherry_C1 Robert Tjian 

 
pRB1574 pmCherry-CmWor1 PrLD DEtoA This study 

 
pRB1461 pUC57 with CmWor1 PrLD DEtoA for E.coli 

U2OS 
Gene Universal 

 
pRB1572 pmCherry-CmWor1PrLD YFtoS This study 

 
pRB1458 pUC57 with CmWor1 PrLD YFtoS for E.coli / 

U2OS 
Gene Universal 

 
pRB1576 pmCherry-CmWor1PrLd KRtoG This study 

 
pRB1456 pUC with CmWor1 PrLD KRtoG for E.c/U2OS Gene Universal 

 
pRB1578 pmCherry-CmWor1PrLD deltaNQ This study 

 
pRB1460 pUC57 with CmWor1 PrLD PolyNQ deletions 

for E.coli/U2OS 
Gene Universal 

 
Table S1. Plasmids used in this study.  
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Oligo 
Number 

Oligo Name Oligo Sequence 

4260 Ca Wor1 DNA BD Fwd NdeI GGACCGCATATGAGCAATAGCAGCATTGTT 
CC 

4261 Ca Wor1 DNA BD Rev GCTACCTGCAACTGAGCT  

4268 C maltosa Wor1 PrLD Fwd GCTCAGTTGCAGGTAGCAATAACGTGGCCA 
ACAATCAA  

4269 C maltosa Wor1 PrLD Rev 
XhoI 

GGACCGCTCGAGTTAATTGCTGGTCGCATA 
ATAACCA  

4877 GFP fwd NheI GGACCGGCTAGCAGTAAAAGAGAAGAACTT 
TTCACTGGAG 

4878 GFP rev TTTGTAGAGCTCATCCATGCCA  

5084 RpoII-CTD fwd overlaps GFP GGCATGGATGAGCTCTACAAAGGTGGTAGT 
GGTTATACCAGCCCAGGTTATGG  

5085 RpoII-CTD Rev XhoI GGACCGCTCGAGTTAATTTTCATCTTTTTT 
CGGCGG 

4122 MBP-GFP fwd NheI GGACCGGCTAGCAGTAAAAGAGAAGAACTT 
TTCACTGG  

4123 MBP-GFP rev XhoI GGACCGCTCGAGTTATTTGTAGAGCTCATC 
CATGCC  

5578 Efg1 N-PrLD Fwd NheI GGACCGGCTAGCGCTACCGGTCGCCACCAT 
GAGCACCTATAGCATTCCG 

5579 Efg1 PrLD Rev TGTCGGCTGCTGCATGGT 

5580 eYFP Fwd overlaps Efg1 ACCATGCAGCAGCCGACAGGTGGTAGTGGT 
GTGAGCAAGGGCGAGGAG 

5581 eYFP rev overlaps Efg1 CGCTAATGCTATTACCATTACCTGAACCAC 
TACCACCCTTGTACAGCTCGTCCATG 

5582 Efg1 C-PrLD Fwd TCAGGTAATGGTAATAGCATTAGCG 

5583 Efg1 C-PrLD Rev BspEI GGACCGTCCGGATTTCTCTTCTTTTGCAAC 
GGT 

6117 CmWor1PRLD YFPLacI Fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTAATA 
ACGTGGCCAACAATCAA 

6118 CmWor1 PRLD YFPLacI Rev 
BspEI 

GGACCGTCCGGAATTGCTGGTCGCATAATA 
ACC 

5575 eYFP-Czf1PrLD-LacI Fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTATGA 
GCAGCATTCCGAATATT 

5576 eYFP-Czf1PrLD-LacI Rev 
BspEI 

GGACCGTCCGGAAGGGCTCGGTTGCTGCTG 

5671 Wor4 N-PrLD fwd NheI GGACCGGCTAGCGCTACCGGTCGCCACCAT 
GAGCAGCGATAAACCG 

5672 Wor4 N-PrLd rev GCTATTGCTATTGCTCTGAGG 

5673 YFP Fwd overlaps Wor4 
NPrLD 

CCTCAGAGCAATAGCAATAGCGGTGGTAGT 
GGTGTGAGCAAGGGCGAGG 

5674 YFP Rev overlaps Wor4 
CPrLD 

TACCAATAATTGCCTGCGGTACCACTACCA 
CCCTTGTACAGCTCGTCCATG 

5675 Wor4 C-PrLD Fwd ACCGCAGGCAATTATTGGTA 

5676 Wor4 C-PrLD Rev BspEI GGACCGTCCGGAAATACCAGGCTGGGTCG 

5680 Flo8PrLD_AD Fwd BsrGI GGACCGTGTACAAGGGTGGTAGTGGTCCGC 
TGATTCAGCAGC 

5681 Flo8PrLD_AD Rev BspEI GGACCGTCCGGAATTTTCAATCGGATCTGC 
GG 

6252 Cm Wor1 PrLD mCh Fwd 
BsRGI 

GGACGATGTACAAGGGTGGTAGTGGTAATAACGTGGCCAACAAT 

6253 Cm Wor1 PrLD mCh Rev 
BspEI 

CCAGCTCCGGACTATACCTTTCTCTTCTTTTTTGGATCATTGCTGGTCGCA
TAATA 

6244 CmWor1PrLD DE to A fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTAACA 
ACGTTGCCAATAATCAG 

6487 CmWor1 DEtoA PrLD Rev 
(BspEI)  

GGACCGTCCGGACTATACCTTTCTCTTCTTTTTTGGATCATTAGAGGTGGC
ATAATAACCAC 

6238 CmWor1PrLD YF to S fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTAACA 
ACGTTGCCAATAATCAGG 

6486 CmWor1 YFtoS PrLD Rev 
(BspEI)  

GGACCGTCCGGACTATACCTTTCTCTTCTTTTTTGGATCATTAGAGGTGGC
GCTAGAAC 
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6240 CmWor1PrLD KR to G fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTAACA 
ACGTTGCCAATAATCAAGA 

6488 CaCmWor1 KRtoG PrLD Rev 
(BspEI)  

GGACCGTCCGGACTATACCTTTCTCTTCTTTTTTGGATCATTGCTGGTAGC
ATAATAGCC 

6242 CmWor1 PRLD QNdel fwd 
BsrGI 

GGACCGTGTACAAGGGTGGTAGTGGTAACA 
ACGTTGCTCAGGAAG 

6489 CmWor1deltaNQ PrLD Rev 
(BspEI) 

GGACCGTCCGGACTATACCTTTCTCTTCTTTTTTGGATCATTGCTGGTAGC
ATAATAACCG 

5778 Wor1 Fwd (XmaI) GGACCGCCCGGGATGTCTAATTCAAGTATA 
GTCCCTACAT 

5786 CaCmWor1 GGSG Rev (KpnI) GGACCGGGTACCACCACTACCACCATTTGA 
AGTTGCATAATAACCACCA  

5789 GFP fwd (KpnI) GGACCGGGTACCATGTCTAAAGGTGAAGAA 
TTATTCACTG  

5790 GFP rev (HindIII) GGACCGAAGCTTTTATTTGTACAATTCATC 
CATACCATGG  

6234 CaWor1 DNA BD rev ACTTCCTGCAACTGAAGAAG 

6235 CmWor1PrLD YFtoS rev KpnI GGACCGGGTACCACCACTACCACCATTTGA 
AGTTGCTGATGAACCAC 

4368 CmWor1 PrLD fusion to MAL2 
fwd 

CTTCTTCAGTTGCAGGAAGTAATAATGTTG 
CAAACAACCAAGAA 

6125 CmWor1PrLD YtoF rev KpnI GGACCGGGTACCACCACTACCACCATTTGA 
AGTTGCAAAAAAACCAC 

317 WOR1 (+100) rev GGTCTTCTGGAAACAGGTTC  

6007 Met3 check 1200 fwd AAATTTCCAAGGGGACTCTG  

1063 Met3-for (promoter) -1020 CAATACGAAATCCAGGGCAC 

377 Cmk2 FOR (+1450) Sac II GGAGCGCCGCGGGTGAATTCTGGTGGTTGGAG 

 
Table S2. Oligonucleotides used in this study.  
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Strain 
number 

Genotype Source 

RBY1177 MTLa/a arg4- Bennett Lab 
CAY11706 Met3-CaWor1DNABD/CmWor1PrLD-GFP Frazer & Staples et al. 2020 
CAY11707 Met3-CaWor1DNABD/CmWor1PrLD-GFP Frazer & Staples et al. 2020 
CAY11780 Met3-CaWor1DNABD/CmWor1PrLD(YF-to-S)-GFP Frazer & Staples et al. 2020 
CAY11781 Met3-CaWor1DNABD/CmWor1PrLD(YF-to-S)-GFP Frazer & Staples et al. 2020 
CAY11712 Met3-CaWor1DNABD/CmWor1PrLD(DE-to-A)-

GFP 
Frazer & Staples et al. 2020 

CAY11713 Met3-CaWor1DNABD/CmWor1PrLD(DE-to-A)-
GFP 

Frazer & Staples et al. 2020 

 
Table S3. C. albicans strains used in this study.  
 
 


