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Abstract

Candida albicans, a prominent member of the human microbiome, can make an opportunistic
switch from commensal coexistence to pathogenicity accompanied by an epigenetic shift between
the white and opaque cell states. This transcriptional switch is under precise regulation by a set
of transcription factors (TFs), with Enhanced Filamentous Growth Protein 1 (Efg1) playing a
central role. Previous research has emphasized the importance of Efg1’s prion-like domain (PrLD)
and the protein’s ability to undergo phase separation for the white-to-opaque transition of C.
albicans. However, the underlying molecular mechanisms of Efg1 phase separation have
remained underexplored. In this study, we delved into the biophysical basis of Efg1 phase
separation, revealing the significant contribution of both N-terminal (N) and C-terminal (C) PrLDs.
Through NMR structural analysis, we found that Efg1 N-PrLD and C-PrLD are mostly disordered
though have prominent partial a-helical secondary structures in both domains. NMR titration
experiments suggest that the partially helical structures in N-PrLD act as hubs for self-interaction
as well as Efg1 interaction with RNA. Using condensed-phase NMR spectroscopy, we uncovered
diverse amino acid interactions underlying Efg1 phase separation. Particularly, we highlight the
indispensable role of tyrosine residues within the transient a-helical structures of PrLDs
particularly in the N-PrLD compared to the C-PrLD in stabilizing phase separation. Our study
provides evidence that the transient a-helical structure is present in the phase separated state
and highlights the particular importance of aromatic residues within these structures for phase
separation. Together, these results enhance the understanding of C. albicans TF interactions that
lead to virulence and provide a crucial foundation for potential antifungal therapies targeting the
transcriptional switch.

Statement of Significance

Phase separated condensates have been found across the domains of life and many types of
cells. To understand their varied functions, seeing the residue-by-residue details of the structure
and interactions of component protein constituents is essential. A set of transcription factors that
phase-separate controls cell fate of the pathogenic yeast Candida albicans. Here, we examine
the structural and interaction details of a main regulator of this process, Efg1, using NMR
spectroscopy and biochemical assays. We find Efg1’s phase-separating domains are not entirely
disordered as often assumed but in fact contain helical regions that persist upon phase separation.
We also reveal the balance of contacts formed in the condensed phase and the importance of
specific residues and regions in phase separation.



Introduction

Known as one of the most common commensal fungi in the human microbiome, Candida

albicans is also an opportunistic pathogen that can cause potentially life-threatening infections

and pose a significant threat to human health (1, 2). The virulence of C. albicans is intricately

linked to its ability to undergo phenotypical switching between white and opaque cell states (2, 3).

This epigenetic transition is under the tight regulation of a transcriptional network, wherein the

protein Enhanced Filamentous Growth Protein 1 (Efg1) plays a pivotal role (1, 4—7). Additionally,

Efg1 modulates crucial processes like hyphae formation and filamentation (8—11). Moreover, it

stands at the core of biofilm formation (11, 12), a vital aspect of C. albicans pathogenicity, making

Efg1 a promising target for anti-fungal therapies.

Recent studies have unveiled the intriguing phenomenon of phase separation among

transcription factors (TFs), especially Efg1, leading to the formation of biomolecular condensates

within cells (6, 13). These condensates play a critical role in governing fungal cell states. The

prion-like domains (PrLDs) of Efg1 are indispensable for its function in the white-opaque switch

and likely mediate interactions between TFs (6). However, the precise mechanisms through which

these PrLDs mediate Efg1 self-interaction and phase separation remain unprobed. Although a

few studies have examined low complexity domain phase separation using residue-by-residue

details from NMR spectroscopy, the protein domains examined thus far have primarily been

human proteins with distinct sequence composition from Efg1 (14—18). Additionally, the domains

studied so far have been essentially disordered without significant population of partial secondary



structure and hence do not represent the entire range of transient structures formed by intrinsically

disordered domains that phase separate. Yet, previous studies have established the pivotal role

of transient a-helical secondary structure in mediating protein self-interaction and phase

separation in the case of the human RNA-binding protein TDP-43 (19, 20) or where dispersed

phase oligomerization of helices opposes phase separation in the case of the glutamine-rich RNA-

binding proteins from the multinucleate fungus Ashbya gossypii (21). Hence, it is important both

to identify secondary structure in phase separating proteins and evaluate secondary structure

contribution to phase separation. Furthermore, no studies have directly visualized secondary

structure with residue-by-residue resolution in condensed phases to help understand how these

structures play a role in phase separation.

In this study, we delve into the biophysical basis of Efg1 phase separation, focusing on its

PrLDs. We demonstrate that both PrLDs, Efg1 N and Efg1 C, exhibit substantial disorder with

transient secondary structure features. Using solution NMR techniques, we illustrate the diversity

of intermolecular contacts between amino acid types that drive the phase separation process.

Importantly, our investigation reveals a crucial role for tyrosine residues within the transient o-

helical structures of PrLDs. By deciphering the underlying biophysical principles governing Efg1

phase separation, this research sheds light on the intricate molecular mechanisms regulating C.

albicans virulence, potentially paving the way for targeted therapeutic interventions against fungal

infections.



Material and Methods

Protein expression and purification.

The full-length Efg1 protein, fused with a histidine-tagged maltose binding protein (MBP) and

TEV protease cleavage site (His-MBP-FL_Efg1), was cloned into the pTHMT vector and

subsequently transformed into BL21 cells. For non-labeled protein expression, the transformed

cells were cultured in Luria-Bertani (LB) medium, whereas for isotopically labeled protein, M9

minimal medium supplemented with appropriate isotopes was utilized. Cultures were grown at

37°C with continuous shaking until reaching an optical density at 600 nm (OD600) of 0.6-0.8.

Expression of the fusion protein was induced by adding 1 mM Isopropyl B-D-1-

thiogalactopyranoside (IPTG) and incubating the cultures at 37°C for 4 hours. Following induction,

the bacterial cells were harvested and lysed in the lysis buffer (20mM Tris pH8, 500mM NaCl pH8)

using a sonicator to disrupt the cell membranes. The lysed cell suspension was centrifuged, and

the resulting supernatant containing the His-MBP-FL_Efg1 protein was collected. To purify the

protein from cell lysate, a 5 ml HisTrap HP column was employed. The sample-loaded HisTrap

column was washed with 20 mM Tris pH 8, 1 M NaCl, 10mM imidazole buffer, then the bound

protein was eluted with 20 mM Tris pH 8, 1 M NaCl, 300 mM Imidazole buffer. Subsequently, the

protein was further purified using a Superdex 200 (26 600) size-exclusion column, yielding a

highly purified protein sample ready for further analysis.

Efg1 N-PrLD, C-PrLD, or ADBD, fused with a histidine-tag followed by TEV protease

cleavage site, were cloned into the pJ411 vector and transformed into BL21 cells. The expression



protocol is similar to that of full-length Efg1 (His-MBP-FL_Efg1) described above. The harvested

cells were resuspended and lysed in the lysis buffer (20 mM Tris pH 8, 500 mM NaCl) using a

probe sonicator. The insoluble fraction containing the expressed proteins was collected and

solubilized in a denaturing buffer composed of 20 mM Tris pH 8, 8 M Urea, 500 mM NaCl, and 10

mM imidazole. This urea-containing buffer effectively solubilized the inclusion bodies. The

solubilized proteins were purified using a Histrap column. The column-bound proteins were

washed with 20 mM Tris pH 8, 8 M Urea, 500 mM NaCl, and 10 mM imidazole buffer to remove

non-specifically bound impurities. The purified proteins were eluted from the column using the

elution buffer containing 20 mM Tris pH 8, 8 M Urea, 500 mM NaCl, and 300 mM imidazole. The

purified protein was then buffer exchanged into 20 mM CAPS buffer pH 11 for storage (tyrosine

deprotonates at pH 11, leading to disruption of phase separation and aggregation) (16).

Phase separation quantification.

The phase separation behavior of tag-free Efg1-PrLDs was assessed by diluting the protein

from a 20 mM CAPS, pH 11.0, stock solution to a concentration of 100-250 yM using 80 mM MES

buffer, pH 6.5, final pH 6.52 supplemented with the appropriate salt concentration. Samples were

then centrifuged at 14,000 g for 10 minutes at room temperature. All experiments were conducted

in triplicate. The protein concentration in the remaining supernatant was quantified using a

NanoDrop spectrophotometer. Extinction coefficients were predicted from the sequence by

ProtParam (Expasy).



To quantify FL-Efg1 phase separation, MBP-tagged protein was treated with TEV protease,

targeting the TEV cleavage site positioned between MBP and the Efg1 protein. The mixture was

incubated at 30°C for 3 hours to ensure complete cleavage. Following the incubation period, the

sample was centrifuged at 14,000 g for 10 minutes to separate the phases (Fig. S1). The

absorbance at 280 nm (A2s0) of the supernatant was measured. To obtain accurate results, the

absorbance corresponding to TEV protease was subtracted from the measured Azgo. The

decrease in Ao absorbance after subtraction indicated the amount of FL-Efg1 that had

undergone phase separation after liberation from the N-terminal solubilizing MBP fusion, and the

remaining amount of soluble Efg1 can be calculated by subtracting phase-separated Efg1 from

the total protein amount.

NMR sample preparation and NMR spectroscopy.

Isotopically labeled protein samples of Efg1 PrLD were prepared in a buffer containing 80 mM

MES pH 6.2, 100 mM NaCl, and 5% D-O. The condensed phase Efg1 N-PrLD samples were

generated by diluting 1 mL stock protein at the concentration of 5 mM (stored in 20 mM CAPS pH

11.0) with 80 mM MES pH 6.2, 100mM NaCl, 10% D20 buffer to a final volume of 3 mL, torula

yeast RNA was also added to stabilize the condensed phase at 4:1 protein-to-RNA ratio (by mass).

The phase-separated protein solution was then allowed to settle at 4 °C overnight to form a

macroscopic condensed phase. The macroscopic condensed phase was then moved into a 3 mm

NMR tube using a glass pipette for the collection of NMR experiments.



NMR spectra were recorded on Bruker Avance 600MHz or 850 MHz 'H Larmor frequency
spectrometers with HCN TCI z-gradient cryoprobes. Two-dimensional 'H->N HSQCs were
acquired using spectral widths of 12.0 ppm and 22.0 ppm in the direct and indirect dimensions,
with 4096 and 512 total points and acquisition time of 240 ms and 135 ms, respectively. 'H-"*C
HSQC spectra were acquired using spectral widths of 12.0 ppm and 76.0 ppm in the direct and
indirect dimensions, with 4096 and 400 total number of points and acquisition time of 200 ms and
12 ms, respectively.

Triple resonance experiments, including HNCACB, CBCA(CO)NH, HNCO, HNCA, and HNN,
were conducted to establish sequential and side-chain resonance assignments. Acquisition times
for the triple resonance experiments were 185 ms in the direct 'H dimensions, 24 ms in the indirect
®N dimensions, 15 ms in the indirect C’ dimensions and 6 ms in the indirect Co/ Cg dimensions.
Spectral widths were 13 ppm in 'H, 22 ppm in "°N, 7.5 ppm in C’ dimension and 54 ppm in C./Cg
dimension. Data processing and analyses followed standard protocols using NMRPipe and
CCPNMR Analysis 2.5 software (22, 23).

Motions of the backbone of Efg1 N-PrLD and C-PrLD were probed by '°N spin relaxation
experiments at 850 MHz 'H Larmor frequency (20 Tesla) using standard pulse sequences
(hsqctletf3gpsitc3d, hsqct2etf3gpsitc3d, hsqcnoefdgpsi). °N R, experiments were performed
with 256 and 2,048 total points with acquisition times of 74 ms and 115 ms and a sweep width of
10.5 and 20 ppm centered at 117 and 4.7 and ppm in the indirect "*N and direct 'H dimensions,

respectively. R, experiments consist of six interleaved relaxation delays with an interscan delay



of 2.5 s, and total R relaxation CPMG loop lengths of 16.5, 264.4, 33.1, 132.2, 66.1, 198.3 ms.
®N R, experiments were recorded with 256 and 3072 total points with acquisition times of 74 ms
and 115 ms and a sweep width of 20 and 10.5 ppm centered at 117 and 4.7 ppm in the indirect
15N and direct 'H dimensions, respectively. Each "N R1 experiment was made up of six
interleaved "°N R relaxation delays of 5, 1000, 100, 800, 500, and 300 ms. ('H) "°N heteronuclear
NOE (hetNOE) experiments were made up of interleaved sequences with and without proton
saturation, with a recycle delay of 5's. ("H) "®*N hetNOE experiments were recorded with 256 and
4,096 total points with a sweep width of 20 and 10.5 ppm centered at 117 and 4.7 ppm in the
indirect "°N and direct 'H dimensions, respectively.

Intermolecular NOE-based experiments were recorded on condensed Efg1 N-PrLD
containing a 50:50 mixture of °N/"*C (~99% isotopic incorporation) and “N/'?C Efg1 N-PrLD
(natural abundance), or entirely "®N/"*C Efg1 N-PrLD as a control. Three-dimensional "*C/"*N
filtered NOESY-"3C (edited)-HSQC experiments were recorded with a mixing time of 250 ms and
with 64, 128, and 4,096 total points with sweep widths of 80, 12, and 12 ppm centered at 43, 4.7,
and 4.7 ppm for aliphatic regions in the F3 dimension or sweep widths of 45, 12, and 12 ppm
centered at 122.5, 4.7, and 4.7 ppm for aromatic regions in the F3 dimension, for indirect 3C,
indirect 'H, and direct 'H dimensions, respectively. We note that 250 ms mixing time showed no

signs of significant spin diffusion in similar phases of FUS disordered domains (24).

Results



Efg1 prion-like domains drive phase separation

Previous studies identified the N-terminal and C-terminal regions of Efg1 as having prion-like

sequence character and are essential for Efg1 phase separation (6). Secondary structure

predictions based on the amino acid sequence predict that Efg1 contains two intrinsically

disordered, prion-like domains in both the C- and N-terminus and a structured DNA binding

domain (DBD) (Fig. 1A) (25, 26). Despite the long evolutionary distance suggesting there is no

homology (i.e. common ancestor), the amino acid composition of the Efg1 PrLDs resembles that

of low complexity (LC) disordered domains from other phase-separation capable proteins such

as Fused in Sarcoma that readily phase separates (16, 27) (Fig. 1B). However, Efg1 PrLDs have

a lower fraction of S and Y residue content, a higher fraction of Q and N content, and do have

some aliphatic residues including I, L, and V as well as F aromatic residues that are all completely

absent in FUS LC. Hence the sequences are similar but even compositionally show differences.

To elucidate the contribution of each Efg1 domain to phase separation, we conducted a series

of experiments involving various Efg1 domain deletion and isolation constructs. First, we

examined the phase separation behavior of the full-length (FL) Efg1 and compared that to deletion

of the DNA-binding domain, Efg1 ADBD, and the isolated DBD. The isolated DBD did not exhibit

phase separation on its own, nor does its presence augment the phase separation of full-length

Efg1 compared to the Efg1 ADBD (i.e. N-PrLD fused to C-PrLD) constructs (Fig. 1C,D). These

results strongly suggest that the DBD does not play a direct role in facilitating phase separation.

Next, we investigated the phase separation propensity of the individual PrLDs of Efg1 (N-



PrLD and C-PrLD). Unlike the DBD, isolated N-PrLD demonstrated liquid-like phase separation

behavior, forming droplets in solution, albeit at a higher protein saturation concentration (Csat)

compared to the FL protein. In contrast, the C-terminal region of Efg1 (Efg1 C-PrLD) did not form

liquid droplets, instead forming gel-like aggregates. Nevertheless, the observed difference in Csat

between Efg1 N and Efg1 ADBD suggests that the C-terminal region contributes to Efg1 phase

separation (Fig. 1D), potentially influencing the process through interactions with the N-terminal

domain. Hence, though the N- and C-PrLDs have similar sequence composition, and are both

prone to self-assemble and both contribute to the observed phase separation of the full-length

Efg1, they have distinct material properties as isolated domains at these solution conditions.

Efg1 prion-like domains contain transient a-helical structures

To identify potential secondary structures in the PrLDs of Efg1, we analyzed the Efg1 protein

sequence using the program PSIPRED (28), which predicts the presence of a-helical structure in

both PrLDs (Fig. 2A). To validate the presence of transient helical structures within the Efg1 PrLDs,

we obtained NMR chemical shift assignments of backbone N, Hy, C' (i.e. carbonyl CO), C,, and

sidechain Cg positions for both domains using triple resonance NMR approaches (see Methods).

The presence of partially populated helical structure in specific regions of both Efg1 N-PrLD and

Efg1 C-PrLD is evident based on sensitive NMR-based measures including positive values of the

difference in residual Cq and Cg chemical shift positions compared to a random coil reference,

ASC, — AdCg, and the SSP (secondary structure propensity score) calculated from these chemical



shifts (Fig. 2B,C) (29), as well as high helix scores in 62D analysis (Fig. S2) (30). As transient o-
helical structure will also slow local reorientational motions that can be detected by backbone °N
NMR spin relaxation experiments (19), we found signatures of slower motions Ri, R», and
heteronuclear NOE that corroborate the existence of slower-moving secondary structures in the
sequences (Fig. 2D and Fig. S3). Among the helical regions in N-PrLD and C-PrLD, we found that
two polyQ stretches within Efg1 N and one within the Efg1 C domain adopted partial a-helical
conformations (Fig. 2B).

To assess whether truncation affected the overall structure of the individual domains, we
compared the NMR spectra of the isolated N and C domains to the corresponding regions within
the FL Efg1 protein. As we expected, the NMR peaks from both isolated domains remained largely
unchanged from those observed in the FL protein spectrum, indicating that truncation did not

significantly alter the overall structural integrity of the two domains (Fig. 2E).

Helical regions in Efg1 N-PrLD are hubs for RNA interaction and self-interaction

Given the significance of the Efg1 prion-like domains (PrLDs) in driving self-interaction and
phase separation, we conducted a comprehensive examination of prion-like domain self-
interactions using NMR. We focused our investigations on Efg1 N-PrLD as C-PrLD did not form
stable liquid forms under the tested conditions, and both PrLDs displayed similar sequence
compositions and secondary structure characteristics.

To identify residues in Efg1 that mediate self-interaction, we performed concentration titration



experiments at concentrations below the csat threshold for phase separation. Through these

titrations, we observed chemical shift perturbations (CSPs) (Fig. 3A), as well as decreased peak

intensity (Fig. 3B) at the helical regions within the Efg1 N-PrLD. As observed for the helical region

embedded in the prion-like TDP-43 C-terminal domain (19, 20, 31), these findings indicate that

these transient helical conformations within Efg1 N-PrLD may contribute to self-interaction in the

dispersed phase (i.e. before phase separation).

Considering that Efg1 functions as a transcription factor that may use disordered regions to

interact with RNA (32), we further hypothesized that its PrLDs may also engage in non-specific

interactions with RNA. To test this, we carried out NMR titration experiments using Efg1 N-PrLD

and two types of RNAs, an unstructured RNA (poly U) and an RNA extract with highly

heterogenous structures (torula yeast RNA). The NMR CSPs and peak intensities after addition

of these RNAs are remarkably similar, suggesting that Efg1 N-PrLD interacts with RNA in a non-

sequence-specific manner (Fig. 3C,D). Strikingly, the sites of RNA interaction coincided with the

helical regions within the protein sequence, which are also implicated in self-interaction. Residues

130-140, which contain two positively charged amino acids, also showed chemical shift and peak

intensity perturbations, likely due to electrostatic interactions between the protein and RNA. This

dual interaction profile of Efg1 N-PrLD with RNA and self-interaction is intriguing and suggests a

possible interplay between RNA binding and phase separation.

Helical Regions Mediate Interaction in Efg1 N-PrLD Condensed Phase



To gain further insights into the molecular interactions driving Efg1 phase separation, we
created macroscopic condensed phase samples by first inducing phase separation in solution
and then centrifuging the droplets to form a separate phase (Fig. 4B). Interestingly, we found that
these macroscopic condensates “aged”, changing from liquid-like to gel-like over a matter of hours.
Given that we found RNA interactions with Efg1, we reasoned that RNA may help solubilize Efg1.
By including a modest amount of RNA (~25% of the mass of the protein) in the phase separation
reaction, we found that the samples remained liquid-like for weeks. Using these samples of Efg1
N-PrLD with RNA for high-resolution NMR, we compared the condensed phase spectra with those
obtained in the dispersed phase. We observed overall spectral overlap in 'H-"°N and especially
'H-"3C HSQC spectra (Fig. 4A, Fig. S4) of condensed phase and dispersed phase Efg1 N-PrLD,
supporting the notion that the overall primarily disordered structure of the protein remains largely
similar in both phases, as seen for the disordered domains of FUS (16, 18).

Previous studies on macroscopic condensed phases of disordered regions from several
groups have uniformly demonstrated that the disordered regions show little change in the spectra
upon phase separation (14—16, 24). However, these studies focused on proteins that lacked any
significant population of secondary structure. Intriguingly, we find that residues within the helical
regions of Efg1 N-PrLD exhibited substantial peak broadening beyond detection in the condensed
phase, while the rest of the protein displayed similar relative NMR signals in both phases (Fig.
4C). This observation indicates that the helical regions either experience slower motion in the

condensed phase compared to the rest of the protein or undergo chemical exchange caused by



self-interactions during Efg1 phase separation.

Moreover, we mapped out chemical shift perturbations (CSPs) and intensity ratios of the two
phases (Fig. 4C), and identified significant CSPs in the second helical region, along with peak
broadening in the first, third, and fourth helices. Alanine residues in the second helix A57/A58/A59)
form a cluster of resonances in the dispersed phase (Fig. 4A, left) that may correspond to the
resonances shifted more up field (i.e. to the right and up) than other resonances in the spectra of
the condensed phase (Fig. 4A, right), although the fast spin relaxation of these resonances in the
condensed phase have precluded confirmation of the assignment. In the dispersed phase, these
alanine residue positions give rise to Cg resonances characteristic of a-helical positions (Fig. S4).
Importantly, these alanine Cg resonances with a-helical chemical shifts remain present in the
condensed phase, suggesting that a-helical structure is retained after phase separation of Efg1
N-PrLD. Together, these finding suggest that helical regions within Efg1 N-PrLD are present in
condensed phases and participate in phase-separation-driving self-interaction, possibly as

structural elements acting as key “interaction hubs” in Efg1.

Intermolecular Contacts Mediated by Amino Acid Types in Efg1 Phase Separation

To probe the nature of intermolecular interactions during Efg1 phase separation, we created
isotopically mixed-labeled macroscopic condensed phases (mixing equal amounts of fully "*C/"°N
protein with unlabeled protein) and employed filter/edited NOESY experiments (Fig. 5A) that

therefore report only on intermolecular contacts that are formed in the condensed phase (18, 33).



To ensure the accuracy of our analyses, we prepared a separate sample entirely made of fully

labeled protein, enabling us to subtract NOE intensities stemming from imperfect isotopic

incorporation of NMR active isotopes as well as incomplete NOE filtering along with other artifacts.

Our investigations encompassed sidechain-sidechain and sidechain-backbone interactions (Fig.

5B,C, and Fig. S5), offering insights into the specific amino acid types involved in mediating

intermolecular contacts during phase separation. Although it is not possible to interpret these NOE

intensities quantitatively on an absolute scale, it is instructive to compare the intensity of the

various pairs. Notably, tyrosine and glutamine residues exhibited the highest NOE intensities (Fig.

5C), suggesting a significant contribution of these residues to the interaction network, similar to

previously reported data on FUS (24). Additionally, hydrophobic residues such as alanine,

isoleucine, leucine, valine, and proline also exhibit significant NOE intensities suggesting a high

contribution of hydrophobic interactions in Efg1 phase separation. Interestingly, intermolecular

NOEs between glutamine (Hy) and alanine are more prominent than tyrosine (H,) and alanine,

suggesting some residue pair contact preferences. These slight preferences are also apparent

when the NOE intensities are normalized by the residue frequency in Efg1 N-PrLD (Fig. S5B).

Tyrosine Residues in Helical Regions Stabilize Phase Separation

With our analysis of the structures and contacts formed by Efg1 PrLDs in phase separation,

we then sought to investigate their precise role in phase separation using mutagenic approaches.

First, we engineered proline mutations within the helical segments of Efg1 N to break the



structures and assess impacts (Fig. 6A). Through NMR secondary chemical shift analysis and "H
®N HSQC chemical shift perturbations, we confirmed the successful disruption of the helical
structures (Fig. S6). These mutations produced quantitative reduction in the phase behavior of
Efg1 (Fig. 6A). Though the change in the apparent saturation concentration for phase separation
was small, the effects of multiple simultaneous mutations were mostly additive, consistent with a
model where interactions are formed by multiple helical regions in each Efg1 PrLD. We note that
Efg1 ADBD phase separation is enhanced by increased sodium chloride concentration,
suggesting a role of hydrophobic interactions in driving phase separation (24). In comparison to
FUS LCD, which also demonstrates 'salt out' phase behavior (24), Efg1 ADBD exhibits lower
sensitivity to sodium chloride. This disparity could be attributed to Efg1’s elevated charged amino
acid composition and the involvement of electrostatic interactions. The presence of additional salt
weakens these electrostatic interactions, counteracting the augmented hydrophobic interaction,
thereby impact of the added salt on phase separation within the range of physiological salt
concentrations is reduced.

Drawing from previous studies (34, 35) and our data that both highlighted the critical role of
tyrosine residues in promoting phase separation, we then tested the role of tyrosine residues
within both the helical and disordered regions of Efg1 N. We introduced mutations that replaced
aromatic tyrosine with serine in these regions (36), and subsequently assessed their effects on
phase separation (Fig. 6C,E). Remarkably, all mutants exhibited lower phase separation

propensities, underscoring the importance of tyrosine residues in mediating Efg1 phase



separation. Among the variants, tyrosine to serine substitutions in the helical regions of N-PrLD

displayed the most potent effects on phase separation (Fig. 6C), suggesting that tyrosine residues

within these N-PrLD structural elements may play a more prominent role in promoting Efg1 phase

separation than those outside these secondary structures. Intriguingly, Y-to-S substitutions in the

C-PrLD displayed distinct effects compared to their counterparts in N-PrLD in two major ways.

Firstly, the substitutions in C-PrLD were generally less potent compared to those in N-PrLD. More

importantly, mutations in the C-PrLD did not exhibit the same secondary-structure-dependence

seen in N-PrLD. Except for the mutation in the last helical region (Y115S/Y132S/Y139S), which

resulted in the formation of gel-like aggregates, mutations in both the helical and disordered

regions of C-PrLD showed a similar decrease in phase separation. Taken together, our

observation highlights the distinct roles that N-PrLD and C-PrLD play in stabilizing Efg1 phase

separation, and provides crucial insights into the specific contributions of N-PrLD helical regions

to the stabilization of Efg1 phase separation.

Discussion

In summary, our study has probed some of the molecular intricacies of the phase separation

of Efg1 from Candida albicans. We have shown that Efg1 contains two intrinsically disordered

prion-like domains, Efg1 N and Efg1 C, with significant disorder and partial secondary structure

features. These domains play a crucial role in mediating Efg1 phase separation, where the N-

terminal domain is sufficient for droplet formation, the C-terminal domain enhances phase



separation into a liquid form even if it forms solid structures on its own. Notably, we identified

partially a-helical structures within these domains that remain partially helical upon phase

separation. These helical regions have emerged as hubs for RNA interaction and self-interaction,

indicating a multifaceted role for Efg1 in cellular processes. The self-interaction mediated by

helical structures in Efg1 PrLD aligns with similar observations in proteins such as TDP-43 CTD

(19, 20), although we do not find evidence for helical enhancement upon self-assembly as

observed for TDP-43 (19). Though the effect on phase separation is small in magnitude, disrupting

the a-helices decreases phase separation, unlike the a-helices in Whi3 that drive clustering but

discourage phase separation (21). The dynamic and transient nature of the helical regions implied

by their partial population might facilitate versatile interactions with both helical structures and

disordered regions. Consequently, disrupting these helical structures did not lead to complete

phase separation disassembly but instead caused a substantial reduction.

Additionally, our findings emphasize the vital contribution of tyrosine residues in stabilizing

Efg1 phase separation, as seen for other proteins including FUS (24, 34, 35). By disrupting these

tyrosine-mediated interactions, we attenuated Efg1 phase separation, suggesting a central role

for these residues in driving the process. Tyrosine residues in the N-PrLD helical structures had

particularly high contribution to phase separation, prompting us to consider the intriguing

possibility that the transient helical structures may position the tyrosine side chains in certain

orientations that facilitate favorable interactions, driving Efg1 phase separation. These results also

suggest that tyrosine residues in each prion-like domain can have a distinct quantitative



contribution to phase separation. However, our findings also show that many residue types make

contact in Efg1 PrLD phase separation, as observed for FUS (18). Efg1 has a distinct amino acid

composition with aliphatic hydrophobic amino acids. Recent data showed that hydrophobic amino

acids contribute to PrLD phase separation in TDP-43 (31), but could not asses what contact pairs

these residues form. Here we show that hydrophobic Efg1 residue make extensive contacts in

the condensed phase, particularly with glutamine residues and to a lesser extent with tyrosine.

This suggests that glutamine may directly interact with hydrophobic amino acids, an ability that

has been overlooked. This critical relationship between the secondary structure elements and

specific amino acid residues adds a new dimension to our understanding of Efg1 phase

separation and the underlying molecular mechanisms governing this biophysical phenomenon.

These biophysical insights not only enhance our understanding of Candida's pathogenicity but

also could pave the way for innovative antifungal therapies that alter phase separation to alter the

epigenetic switch that determines cell fate.
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Figure 1. Efg1 prion-like domains drive phase separation.

A) Sequence-based disordered region (top) and prion-like amino acid composition (bottom) of
Efg1 using the programs Disordpred3 and PLAAC, where values of 1 are maximum disorder
prediction and maximum prion-likeness, respectively. Efg1 contains two disordered prion-like
domains (PrLD), one on the N-terminal end and one on the C-terminal end, flanking a central DNA
binding domain (DBD). Both the N- and C-PrLDs are predicted to be disordered and prion-like,
while the structured DBD is a conserved KilA-N DNA binding domain.

B) Comparison between the amino acid compositions of FUS low complexity domain, Efg1 N-
PrLD and Efg1 C-PrLD. The three sequences have similar compositions though the fraction of
serine and tyrosine are lower in Efg1 while the fraction of aliphatic residues is higher in Efg1.

C) Differential interference contrast microscopy shows that the full-length Efg1, as well as ADBD
and N-PrLD, can undergo phase separation to form liquid-like droplets. The isolated DBD remains
soluble at tested conditions while the C-PrLD forms aggregates. Images were taken on samples
with 100-250 uM protein concentration and in 80 mM MES pH 6.5, 100 mM NaCl buffer.

D) The saturation concentrations for phase separation of Efg1 constructs were measured by the
concentration of protein remaining in the supernatant after phase separation followed by
centrifugation to sediment droplets and/or aggregates. 250 uM protein in 80 mM MES pH 6.5 with
100 mM NaCl was used in the assay. Full-length and ADBD have similar saturation concentrations
(Csat), while the N-PrLD alone phase separates less. The C-PrLD shows a low apparent Csat but
this value is complicated by the formation of solid assemblies, indicated by the diagonal striped
fill.

Figure 2. The two prion-like domains in Efg1 are largely disordered, with transient helical
structure features.

A) Secondary structure prediction based on Efg1 Primary sequence using the program PSIPRED.
B) NMR experimental secondary chemical shifts and C) NMR chemical shift-based secondary
structure analysis using the program SSP indicates the formation of transient a-helices in both
the N-PrLD and C-PrLD.

D) Values of the "N R» relaxation rate constants for residues in Efg1 N-PrLD and C-PrLD,
measured at 850 MHz.

E) '"H-"N HSQC spectra of isolated N-PrLD, C-PrLD, and the two overlayed on FL-Efg1.
Backbone resonances from the two PrLDs are mostly present in the spectra of full-length Efg1.
Resonances in the spectra of the isolated domain overlap well with the full-length protein

spectrum suggesting no major structural changes resulting from protein truncation.



Figure 3. Helical regions in Efg1 N-PrLD mediate transient N-PrLD self-interaction and RNA
contacts.

A-B) Consistent with transient interactions, the four helical regions in Efg1 N-PrLD see A)
increased chemical shift perturbations (CSP) and B) decreased relative peak intensity ratios
compared to the rest of the protein, as the result of increased protein concentration. Data are
relative to a low concentration reference spectrum at 13.5 yM.

C-D) The helical regions also exhibit C) chemical shift and D) relative peak intensity ratios
perturbation induced by the addition of either torula yeast or poly U RNA, suggesting that the
regions also mediate non-specific RNA interaction.

E) "H-">°N HSQC spectra overlay of N-PrLD and N-PrLD with the addition of either torula yeast or
poly U RNA. The most prominent peak shifts are observed at the N-terminus and at residues in

the fourth helical region.

Figure 4. The helical regions mediate contacts in Efg1 N-PrLD condensed phase.

A) "H-">N HSQC spectra overlay of the dispersed phase and condensed phase Efg1 N-PrLD. The
maijority of residues remain in similar positions in the two phases, suggesting a similar overall
conformation.

B) The Efg1 condensed NMR samples were made by first inducing phase separation in a conical
tube, then allowing the droplets to settle and form a condensed phase over 24 hours. The
condensed phase can then be transferred into an NMR tube for measurements.

C) Chemical shift perturbations and relative intensity ratios between Efg1 N-PrLD "H-">N HSQC
spectra of the condensed phase and the dispersed phase suggest that the second helical region
in N-PrLD participates in molecular interaction that stabilizes the condensed phase. Peak
broadening (blue) observed in the first, third, and fourth helical regions indicate their contribution

to mediating interactions in the condensed phase.

Figure 5. Intermolecular contacts between many residue types in Efg1 phase separation.
A) Equimolar amounts of "*C/"*N double-labeled and non-labeled Efg1 N-PrLD were used to
create a condensed phase NMR sample in order to conduct filter/edited HSQC experiments to
probe intermolecular interactions in the phase. The control experiment was carried out using a
condensed phase sample consisting of only *C/"°N double-labeled N-PrLD.

B) "H-"H 2D projection of the *C/'*N double-half filtered NOESY-'*C HSQC (left) and the NOE
stripe for GIn Hy (right). Artifacts are removed by subtracting 7z peak height of the fully labeled

control (red) from the mixed labeled experiment (blue).



C) Quantification of intermolecular NOE from non-labeled Gin Hg, GIn Hy, Tyr He, and Tyr Hs/Phe
H. to "*C-attached protons on protein sidechains. The NOE intensities for 'H resonances attached
to aliphatic and aromatic "*C carbon were collected in separate experiments, as indicated by the

dashed line separating the two sets of values.

Figure 6. Tyrosine residues in the helical regions of Efg1 N-PrLD are especially important
for phase separation.

A-B) Proline mutations that disrupt helical structures in Efg1 ADBD do not significantly alter the
phase behavior of the protein.

C-D) Tyrosine mutations in the N-PrLD helices more drastically reduce the phase separation
propensity of Efg1 ADBD compared to mutations in the disordered regions, as shown by the
significantly increased saturation concentrations of the helical tyrosine mutations.

E-F) Tyrosine mutations in the C-PrLD helices and disordered regions both reduce phase
separation of Efg1 ADBD to similar extents. Mutations in the last C-PrLD helical region cause the

protein to form gel-type aggregates.
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A) SDS-PAGE gel with samples of MBP-Efg1-FL pre-TEV digestion, as well as both spin-down supernatant and

Figure S1. Full-length Efg1 phase separation quantification.

pellet post-TEV digestion.

B) Schematic of FL-Efg1 phase separation quantification used in Figure 1D. MBP-tagged protein was treated
with TEV, followed by centrifugation to separate the phases. The supernatant concentration was measured, and
the reduction in 280 nm absorbance corresponded to the amount of Efg1-FL that had undergone phase
separation.



= N-PrLD = C-PrLD
helical region helical region

[ ]
il i i
al a2 a3 a4
1.0 | Hellx I Helix
| Beta
I polyprollne [} I polyprollne ]

62D SS (%)
o
o

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 380 370 380 390 400 410 420 430 440&150 éBO 470 480 490 500 510 520 530 540 550
Residue esiaue

0.0-

Figure S2. Secondary structure analysis. NMR chemical shifts based secondary structure prediction using

the program 82D indicates the formation of transient a-helices in both the N-PrLD and C-PrLD.
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Figure S3. N Ry, R relaxation rate constant values and heteronuclear NOE measurements for A) Efg1
N-PrLD and B) Efg1 C-PrLD in dilute solution (i.e. dispersed phase).
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Figure S4. 'H-'*C HSQC spectra overlay of the dispersed phase and condensed phase Efg1 N-PrLD. The

well-overlapped peaks, especially on the "*C dimension, suggest similar overall conformation in the two phases,
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Figure S5. Additional details for intermolecular NOE intensities.
A) Quantification of additional spectra regions for NOE intensities from filtered/edited NOESY experiments.

B) NOE intensities normalized to the intensities of corresponding peaks in 'H-*C HSQC spectrum.
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Figure S6. Proline mutations disrupt helical structures in Efg1 N-PrLD and C-PrLD.

(A, B, C, left panels) 'H-"°N HSQC spectra show that when proline mutations were introduced, significant
chemical shift perturbations were observed among residues within the same helix. The disruption of helical
structures was also supported by C./Cg chemical shifts for residues nearby (A, B, C, right panels).
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