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Abstract  

Candida albicans is a commensal fungus that can cause epithelial infections and life-

threatening invasive candidiasis. The fungus secretes candidalysin (CL), a peptide that causes cell 

damage and immune activation by permeation of epithelial membranes. The mechanism of CL 

action involves strong peptide assembly into polymers in solution. The free ends of linear CL 

polymers can join, forming loops that become pores upon binding to membranes. CL polymers 

constitute a therapeutic target for candidiasis, but little is known about CL self-assembly in 

solution. Here, we examine the assembly mechanism of CL in the absence of membranes using 

complementary biophysical tools, including a new fluorescence polymerization assay, mass 

photometry, and atomic force microscopy. We observed that CL assembly is slow, as tracked with 

the fluorescent marker C-laurdan. Single-molecule methods showed that CL polymerization 

involves a convolution of four processes. Self-assembly begins with the formation of a basic 

subunit, thought to be a CL octamer that is the polymer seed. Polymerization proceeds via addition 

of octamers, and as polymers grow they can curve and form loops. Alternatively, secondary 

polymerization can occur and cause branching. Interplay between the different rates determines 

the distribution of CL particle types, indicating a kinetic control mechanism. This work elucidates 

key physical attributes underlying CL self-assembly which may eventually evoke pharmaceutical 

development. 
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Introduction 

The fungus Candida albicans is responsible for 150 million mucosal infections and 

~200,000 deaths annually 1,2. Though C. albicans typically resides as a harmless commensal, 

candidiasis can occur in the form of a superficial mucosal infection such as oral and vaginal 

candidiasis 3 or as deadly invasive candidiasis, which has a 50% mortality rate 4.  C. albicans 

harms host cells by releasing candidalysin (CL), a peptide that is a key virulence factor for 

infection that forms membrane-damaging pores in epithelial membranes 5–8. The mechanism by 

which CL damages cell membranes was recently characterized and found to be novel in its mode 

of action 9. Unlike most pore-forming peptides and proteins, CL self-assembly does not require 

membranes; most membrane-damaging peptides require membrane binding to initiate assembly 

10, while CL spontaneously forms higher-order complexes in solution 9. CL oligomers are 

prevalent, and spontaneously assemble into long polymers that eventually close to form loops, 

which are thought to become pores once they localize to the membrane. Most antifungals currently 

available are non-specific and harm the commensal mycobiome, causing side effects 11. 

Developing a treatment that targets a membrane-damaging virulence factor is likely to offer 

therapeutic advantages. We reasoned that understanding the mode of action of CL can lead to the 

development of an effective C. albicans therapy consisting of blocking the assembly of this 

virulence factor before it causes membrane damage. 

We sought to understand how CL self-assembles prior to interacting with the membrane. 

We employed an array of biophysical tools and high-resolution molecular imaging techniques to 

quantify the oligomeric intermediates and polymers that CL forms over time and characterize key 

kinetic parameters. Studying peptide oligomerization provides its own set of obstacles 12. Though 

we understand the self-assembly processes of well characterized biological filaments like actin 13 
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or the amyloid family of peptides 14, we had to employ innovative methods due to the complexity 

of CL polymerization. Our combination of high-resolution, single molecule techniques paired with 

sensitive bulk-solution experiments allowed us to identify specific steps in the CL self-assembly 

process. Here we show that CL self-assembly is under kinetic control and describe the timescale 

in which this process occurs and deduce characteristic kinetic rates.  

 

Results 

CL polymerization is under kinetic control.  

We used the fluorescent dye C-laurdan to track CL polymerization in solution. C-laurdan 

is typically used for discerning lipid packing information in membranes, as it reports on the 

hydration of its local lipid environment – characterized by a 50 nm blue-shift when it is sequestered 

from water 15–17. The dual-emission fluorescence of C-laurdan is typically converted into a 

generalized polarization (GP) value that transforms spectral information on a linear scale 18,19. As 

such, GP reports on the degree of interactions between the dye and water: a GP value of -1 

corresponds to full water exposure, while a higher GP reflects a less polar environment. We 

prepared CL samples in buffer from concentrated stocks (Figure 1A) and to our surprise we 

observed that CL interacts strongly with C-laurdan in the absence of a membrane, as indicated by 

a large shift in the fluorescence emission spectra (Supplemental figure S1) and the resulting GP 

increase (Figure 1C). This interaction is likely mediated by the dye’s binding to a yet-undetermined 

hydrophobic pocket on CL, leading to a partial dehydration of the CL-bound dye (Figure 1B). 

 With this finding, we posited that C-laurdan could be useful in studying CL polymerization. 

When we increased the concentration of CL to promote polymerization 9,  we observed an increase 

in GP, suggesting that greater sequestration of the dye from water occurs upon CL polymerization 
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(Figure 1C) due to the increase in large CL polymeric assemblies around the dye. We calculated 

the change in GP value of our samples compared to control samples that only contained C-laurdan 

(see Experimental Procedures). The use of the resulting GP parameter should help to avoid 

confusion with the standard GP parameter used in C-laurdan membrane studies.  

We performed a long time-course GP experiment to study the dynamics of CL self-

assembly (Figure 1D). There were distinctive differences in the shapes of the GP curves at a 

range of CL concentrations, indicating changes in the kinetics of CL polymerization. CL at 0.2 

M underwent a slow GP decrease that stabilized after about 10 hours (Figure 1D). Results were 

different at higher concentrations, where the GP was higher and recovered after an initial 

decrease. We attribute the ΔGP decrease phase to polymer disassembly, possibly of preformed 

polymers in the initial concentrated stock, but note that it is difficult to rule out the possibility of 

dye-related artifacts. At higher CL concentrations this phase reverses over time.  

We also incubated C-laurdan with the G4W CL variant, which is deficient in self-assembly 

and membrane damage 9. The ΔGP data indicates that G4W experiences slower polymerization 

(Figure 1E), consistent with expectations 9. However, our data reveal that G4W is not impaired for 

polymerization, although this process is quite slow. Under our experimental conditions G4W does 

appear to form polymers after an extended lag phase (~ 4 hours). Overall, the data indicate that C-

laurdan can be used to track CL polymerization in solution. Though the fluorescence 

polymerization assay cannot resolve what specific structures CL forms, the results indicate that 

long timescale processes are at play. We next sought to understand the kinetic underpinnings of 

CL self-assembly in solution using higher resolution techniques.   

To gain a deeper understanding of CL polymerization, we employed two single-molecule 

techniques established to be effective for studying this system – atomic force microscopy (AFM) 
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and mass photometry (MP). By performing AFM imaging of 330 nM CL after various incubation 

times after dilution (t = {0, 15, 30, 45, 60} min), the progression of polymerization was visualized 

(Figure 2A). Without incubation (t= 0 min), short 1-4 subunit polymers dominate each image, 

accompanied by a few longer polymer and loops, which are pore-competent species 9. Images 

taken at longer incubation times display particles of larger size and an increased number of loops. 

In previous work, we identified successive peaks in a volume histogram (t = 0 min) corresponding 

to the addition of a fundamental subunit, which our data indicate is a CL octamer 9. Particle mass 

can be estimated from AFM data 20. By fitting a line to the first four peak positions, we determined 

a conversion factor from volume to number of subunits, 274 ± 8 nm3 per subunit (Supplementary 

Figure S2). Using this conversion, we calculated the number of subunits in each AFM feature and 

converted to mass assuming that each subunit is an octamer (the molecular weight of an individual 

CL peptide is 3,310 Da). The resulting histograms of particle mass for each time point (Figure 2B) 

display a main peak centered around 22 kDa, in approximate agreement with the expected octamer, 

and a long tail reaching hundreds of kDa. Over time we observed a reduction in the intensity of 

the primary peak and growth of the tail.  

Next, we performed MP experiments under identical conditions (Figure 2C). MP also 

determines the mass of the particles, although this instrument is only able to resolve particles larger 

than 40-50 kDa 14, and therefore it will not detect the CL octamer. However, MP offers excellent 

resolution to identify large particles. MP results generally agreed with the AFM data. We observed 

that the main MP peak at t=0 was broad and appeared to be a convolution of several populations 

that are too closely spaced to be resolved. At later times a sharper peak at low mass was resolved 

when some populations shifted towards higher masses. Comparing the average mass calculated 

from AFM features and MP (Figure 2D), the latter reported a higher average particle mass, as 
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expected. However, the two techniques agreed on identifying pre-existing polymers before 

incubation starts which suggests that the 100 M CL aliquots we employ to initiate experiments 

contain a significant amount of CL polymers (Figure 1A). This observation supports the initial 

disassembly phase observed in the fluorescence data (Figure 1E). 

Single-molecule study of CL polymerization.  

While tracking CL self-assembly over time with C-laurdan, we observed that each 

condition had a baseline GP and trajectory that depended on its concentration (Figure 1D). The 

two higher CL concentrations (0.5 M and 1 M) exhibited trajectories indicative of slow CL 

polymer growth. In contrast, the GP data for the lowest CL concentration (0.2 M) was indicative 

of disassembly or depolymerization.  To initiate polymer growth, it appears that CL must exceed 

a minimum concentration.  

To identify the structures associated with the GP kinetics assay and MP data, AFM was 

performed at a variety of CL concentrations with no pre-incubation ([CL] = {50, 100, 150, 200, 

330, 1000} nM). Figure 3A shows an increase in the number and size of CL particles as the 

concentration increases. To quantify how particle size changed with concentration, the mean 

number of subunits per particle was calculated from the particle volume using the same conversion 

factor as before (274 ± 8 nm3 per subunit). We further differentiated between two processes: 

octamer formation and polymerization (i.e., binding of two or more octamers). To do so, we sorted 

particles into two groups: those that had sizes less than or equal to an octamer (Figure 3B) and 

those that had sizes greater than an octamer (Figure 3C; see Supplementary Figure S3 for all 

features combined).  

In the case of particles smaller than or equal to an octamer, the curve displayed sigmoidal 

behavior. Fitting with a Hill equation yields the concentration of CL at half the maximum subunit 
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per particle, [CL]half ≈ 140 nM. It appears that at CL concentrations below this threshold, the 

majority of CL is not yet involved in the fundamental nucleation particle required for 

polymerization, which we take to be an octameric subunit throughout this work. Once this particle 

is formed, then CL polymerization proceeds as expected for larger complexes (Figure 3C, grey). 

Notably, for concentrations less than 140 nM, large particles seem to dominate the average (Figure 

3C, orange), though the overall number of these particles observed is quite low. We hypothesize 

that these complexes, which are also likely to be present in higher concentration preparations,  

were formed during the initial CL hydration/freezing/dilution steps (Figure 1A) and are further 

evidence of a difficult-to-control t = 0 point. Concentrations higher than 140 nM showed the 

expected behavior of an increase in particle size as more octamers are made available. Overall, our 

results reveal a complex dynamic interplay between CL polymeric species. 

CL polymerization is modulated by electrostatics.  

 To investigate the nature of the non-covalent interactions formed upon CL polymerization, 

we tested the effect of ionic strength. When we performed the GP assay in MilliQ water, we 

observed lower values compared to buffer conditions (Figure 4A and Supplementary Figure S4). 

Additionally, the disassembly step was pronounced. These results indicate that CL forms smaller 

polymeric assemblies in water compared to buffer, revealing that modulation of ionic conditions 

affects CL assembly.  

To determine the extent to which electrostatic interactions play a role in the polymerization 

process, CL feature size was assessed via AFM and MP in ultrapure water after different periods 

of incubation (Figure 4C). In contrast to results obtained in buffer, CL features did not grow over 

time in water. AFM images showed mostly short, linear polymers and very few loops (Figure 4B). 

Histograms of mass calculated from AFM and MP data (Figure 4C) all have a sharp, primary peak 
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centered around 16 kDa for AFM and 99 kDa for MP. When the average mass for each method is 

plotted over time, no growth is detected via either technique (Figure 4D). Due to acidity of 

ultrapure water (pH ~5), we also performed experiments in pH 5 buffer to test whether acidity 

itself affects CL polymerization due to protonation of the C-terminal group. While pH had a slight 

dampening effect on subunit (octamer) formation, polymeric assembly of the subunits over time 

remained similar to buffer at physiological pH (Supplementary Figure S5), indicating that acidity 

does not play a major role in polymerization. 

The bending stiffness of charged polymers is known to vary inversely with ionic strength 

21,22. To evaluate this effect for CL, polymer backbone traces extracted from AFM data were used 

to calculate the persistence length, lp. The analysis (Supplementary Figure S6) revealed a ~40% 

enhancement in bending stiffness (lp) in ultrapure water. Altogether, the results indicate that ionic 

strength (150 mM NaCl in this work) is a defining factor for CL polymers. Furthermore, since 

high ionic strength potentiates the hydrophobic effect, the results suggest that hydrophobic 

interactions are required for CL polymer growth. 

Rates of formation for different particle types.  

An advantage of visualization of CL particles in AFM is the ability to sort features into 

categories and evaluate their kinetic rates of formation. We used a custom algorithm to sort CL 

particles and determine salient physical quantities including shape and contour lengths of each. 

Particles were sorted into four types: basic subunits (octamers), linear particles, loops, and 

complex particles (Figure 5B). The complex particle type is a broad category defined as any 

particle that exhibits branching (presumably through a secondary polymerization interface), 

multiple loops, or a combination of these. For this analysis, no distinction was made between 

secondary polymerization and overlapping particles.  
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To examine particle size over time, we quantified the average number of subunits per 

particle (subunits/N). The number of subunits in a particle was determined from the contour length 

using simulated AFM images of the octamer/polymer structures 9. Due to tip convolution, this 

value depends on both the particle morphology and the tip shape and was approached differently 

depending on the particle type (See Supplementary Figure S7). As expected from our analysis of 

mass over time (Figure 2), the average subunits/N increases over time for all features (Figure 5A). 

When deconvolved by shape, new trends emerge. Unsurprisingly, no increase in length is observed 

for the basic subunit. Similarly, there was no discernible trend in particle size for the rest of the 

particle types (Figure 5D). Therefore, we determined a time average of the number of subunits for 

each particle type (Figure 5C):  1.03 ± 0.02 for octamers, 4.51 ± 0.25 for linear polymers, 9.57 ± 

0.32 for loops, and 12.5 ± 0.5 for complex particles.   

Since in our experimental conditions we do not observe growth in the length of the 

polymers, these results suggest that over time there is an interconversion between particle types. 

To evaluate this idea, we determined the relative abundance of each particle at all time points. We 

observed that individual subunits decreased from 27% to 16% (Figure 5E). Linear particles also 

experienced a decrease in abundance over time. In contrast, the number of both loops and complex 

particles increased. Loops increased from 2% to 8%, which is still a low overall abundance. This 

is the case because most loops are involved in higher order complexes (i.e., complex particle 

types), which grow in number significantly over time. Based on these quantifications, the increase 

in average particle size for all features over time (Figure 2E, Figure 5A) can be attributed to an 

increase in the overall number of larger particle types at the expense of smaller particles. 

 

Discussion 
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We investigated the kinetics of CL self-assembly via a new C-laurdan fluorescence 

polymerization assay, mass photometry, and atomic force microscopy. Our experiments revealed 

a detailed picture of CL behavior in solution. C-laurdan is a fluorescent probe that we 

serendipitously identified to interact with CL; that interaction was useful in determination of 

polymerization levels and kinetics in solution 18,23,24. This is a new application of this dye, which 

is often employed to report on membrane properties, such as fluidity and lipid packing. We suggest 

that caution should be exercised when using C-laurdan to study membrane properties in samples 

that contain amphipathic or hydrophobic polypeptides or polymers, since C-laurdan might 

additionally report on non-lipid environments. Our GP data additionally provide a consistency 

check for mass photometry and AFM, since both of these single molecule approaches require a 

proximal surface. We observed positive shifts in GP when C-laurdan was incubated in the 

presence of CL, indicating higher sequestering of the dye from water, which points to CL 

assemblies interacting with the dye. This conclusion was supported by measurements with a less 

toxic mutant G4W, known to have diminished self-assembly potential 9. The long incubation 

period over which CL growth was observed demonstrates a slow self-assembly rate.  

Direct visualization of CL polymerization complemented the fluorescence assay and 

showed an increase in larger features over time. Analysis led us to identify four underlying 

reactions: octamerization (k1), primary polymerization (in which octamers are added, likely in an 

end-to-end orientation, k2), cyclization (k3), and secondary polymerization (branching, k4). Single-

particle AFM imaging allowed us to categorize particles into specific types, which are the products 

associated with each of the processes: subunits, linear particles, loops, and complex particles 

(Figure 5). Surprisingly, quantification of the size evolution of each particle type over four hours 

showed generally stable particle sizes for the linear polymers, loops, and branches. However, upon 
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examining the relative abundance of each, we found that the distribution of particle types changed 

over time. Octamer subunits were progressively used up in the formation of higher order particles. 

The linear particles became less abundant, whereas the number of loops and complex particles 

increased. Although no determination can be made as to the rates of octamerization or primary 

polymerization, k1 or k2, the high abundance of octamers and linear polymers at t = 0 minutes 

indicates that these reactions proceed on a faster timescale than the events leading to loop and 

complex particle formation. We posit octamerization to be the fastest event as subunits are required 

for larger assemblies (Figure 3).  

We observed a plateau in the abundance of loops, which indicates that the apparent 

cyclization rate constant, k3, is within the timescale of measurement. We emphasize the importance 

of k3 in the underlying CL mechanism during C. albicans infection. This cyclization rate defines 

the CL topological transition timescale from linear polymer to closed loop; it is these loops which 

are thought to go on to become host cell membrane-damaging pores 9. The precise value of k3 is 

difficult to extract from our measurements, for as loops are formed, they are also being used up in 

secondary polymerization events that create complex particles. However, we can make some 

assumptions about cyclization. This is a first order reaction, as it involves a single linear polymer 

forming a loop, making it exponential in time. Fitting the loop abundance data with an exponential 

rise to maximum (Figure 5E) yields an apparent k3 = 0.010 ± 0.005 min-1 (in 10 mM Hepes, 150 

mM NaCl, pH 7.3, at a CL concentration of 330 nM). If we assume that branching occurs with 

similar probabilities for both linear particles and loops, then the loss should create an equal offset 

in the two particle types. We therefore compared the apparent cyclization rate to the rate of linear 

particle decay, k3
’ = 0.013 ± 0.002 min-1, and found that the two values agree within uncertainty, 

reflecting a “forward” rate of cyclization or a successful conversion of linear to looped polymers. 
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It is important to note that k3 and k3
’ are highly dependent on solution conditions and both approach 

zero when CL buffer is replaced by ultrapure water.  For additional context, the upper limit of end-

to-end cyclization based on a diffusion process can be estimated as kcy ≈  D/<R2>, where D is the 

polymer translational diffusion coefficient and <R2> is the mean square end-to-end distance 25,26. 

Plugging in approximate values (see Experimental Procedures) yields a theoretical diffusion 

limited kcy that is 7 orders of magnitude faster than the measured k3.  We conclude that there are 

significant factors thwarting the CL cyclization pathway under our experimental conditions.   

The rate of secondary polymerization, k4, cannot be easily determined, as the category of 

complex particles is broad and contains particles with several branching events. Since there is no 

plateau for the formation of complex particles in the period observed, this process appears to have 

the slowest rate. Hence, in bulk polymerization assays, branching would appear as the rate limiting 

step. A summary of these conclusions is presented in a schematic energy diagram (Figure 6). 

Energy barrier heights correspond to the hypothesized relative rates. Energy levels for each 

successive state are assumed to be lower than the previous, as the reaction proceeds spontaneously 

in physiological buffer.  

In addition to kinetic information, the nature of several steps in the CL polymerization 

process was also revealed. The driving force behind octamer-octamer interactions was elucidated 

by experiments conducted in ultrapure water (Figure 4). By reducing the concentration of free ions 

in solution during CL incubation, primary polymerization was greatly reduced. CL polymer 

growth is stunted when long-range electrostatic interactions are not well-shielded, due to the large 

~1 m Debye length of ultrapure water 27. Another observation was a slight reduction in 

octamerization as evinced by the shift in location (to about 16 kDa) of the primary peak in the 

AFM mass histogram for ultrapure water experiments (Figure 4C), possibly indicative of a 5-mer. 
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This is substantially smaller than the primary peak of the AFM mass histogram in buffer, which 

was located at ~22 kDa (Figure 2B). The change in seed particle size likely contributes to the 

suppression of primary polymerization. Additionally, cyclization was almost completely abolished 

in ultrapure water. This effect comes about from two sources. First the suppression of linear 

polymer growth (see Supplementary Figure S8) leads to fewer polymers with sufficient length to 

close into a loop. Second, polymers that are sufficiently long are more rigid and hence less likely 

to bend into a closed loop configuration, since the persistence length of CL polymers was found 

to be 40% larger in water (see Supplementary Figure S6).  

To summarize, using a variety of biophysical techniques, we have probed the kinetics and 

interactions of CL self-assembly. The dependence of the particle distributions at certain time points 

on the relative rates of the processes indicates that CL polymerization is under kinetic control. We 

were surprised to determine the low frequency of isolated pore-competent loops, which represent 

only 2-8% of all CL species. This suggests that in physiological conditions, biological factors 

likely exist that enhance pore-inducing loop formation and maturation. Additionally, we show that 

octamerization, primary polymerization, cyclization, and secondary polymerization are all affected 

by electrostatic interactions to varying degrees. Further work will be required to identify specific 

hydrophobic interactions which likely stabilize CL polymers. Self-assembly is the first step that 

CL undergoes in the process of forming pores that cause membrane disruption and immune 

activation 9. Our data provide a deeper understanding of this process, paving the way for the 

development of new anti-candida pharmaceuticals that disrupt CL polymerization and its toxic 

effects. 
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Experimental Procedures 

Sample preparation. CL peptide was synthesized by Fmoc chemistry (Peptide 2.0), and >95% 

purity assessed by HPLC and MALDI-TOF. CL was resuspended in ultrapure water (Milli-Q, 18.2 

M*cm) to form 100 µM stocks, which were aliquoted and stored at -80 °C. At the time of 

experimentation, a CL aliquot was thawed and diluted in CL buffer (10 mM Hepes, 150 mM NaCl, 

pH 7.3) to the desired concentration. This step was defined as t = 0 min. The solution was then 

held at room temperature for the allotted incubation time (Figure 1A). 

 

Mass photometry.  Mass Photometry was performed as described previously 9 with the following 

modifications. CL Milli-Q stocks were diluted to 330 nM in CL buffer at the time of 

experimentation and measured in 15 min increments for 1 hour.  All measurements were done in 

triplicates. Smooth histograms were generated using kernel density estimation with Epanechnikov 

kernels in Igor Pro 7 software.  

 

Fluorescence polymerization assay. C-laurdan (Tocris, Bristol, United Kingdom, CAT# 7273) was 

dissolved in chloroform to 1.1025 mM ( = 12,200 M-1cm-1) and further diluted with ethanol to 

create a 100 M stock (in a 91% ethanol, 9% chloroform solution). C-laurdan organic solvents 

stocks were diluted at least 100-fold in aqueous solution. Samples were prepared in CL buffer with 

1 M C-laurdan. The emission spectra from 400 – 600 nm was read on a Cytation 5 plate reader 

(BioTek, Winooski, VT) using an excitation wavelength of 350 nm. Spectral blanks without dye 

were subtracted. GP values were calculated using the following equation:   
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GP= (Iblue-Ired)/(Iblue+Ired)    Eq. 1 

        

Where, Iblue is the summation of fluorescence intensity (F.I.) values within the emission range of 

420 – 460 nm and Ired is the summation of F.I. values within the emission range of 470 – 510 nm. 

GP was calculated by subtracting the GP of control samples containing only C-laurdan from the 

experimental GP value. In control conditions lacking peptide, we observed a GP increase over the 

first 2-3 hours, suggesting an evolution in baseline C-laurdan molecular assemblies during this 

time (Supplementary Figure 1). However, this signal stabilizes after 3 hours. Further investigation 

is needed to understand and control this evolution.  

 

AFM imaging and analysis. 90 µL of CL solution were deposited on freshly cleaved mica discs 

and incubated for an additional 10 minutes to adhere to the surface. Following incubation on the 

surface, loosely bound particles were washed away via buffer exchange (90 µL of CL buffer 

exchanged across the sample 5-6 times). For assays performed without salt, CL was diluted and 

rinsed in ultrapure water instead of buffer. Following previous work 28,29, all images were acquired 

in fluid (CL buffer or MilliQ water) using biolever mini tips (Bruker, k ~ 0.1 N/m, fo ~ 25 kHz in 

fluid) on a commercial instrument (Asylum Research Cypher) in tapping mode. Tip-sample forces 

were kept below 100 pN to reduce the likelihood of protein deformation. To quantify geometric 

parameters such as particle height and volume, images were processed and analyzed using the 

built-in software (Asylum Research, Inc.). In our analysis of CL particle size versus concentration, 

we fit sigmoidal relationships with a general Hill Equation with the following parameterization:  

                                                   𝑦 =  𝑦𝑚𝑖𝑛 +
𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛

1+([CL]ℎ𝑎𝑙𝑓/[CL])𝑛        Eq. 2 
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Here, ymin and ymax and the minimum and maximum values of the y parameter (mean 

subunits/particle), [CL]half is the concentration of CL at halfway between ymin and ymax, and n is the 

Hill coefficient. A custom algorithm was implemented in Igor Pro 7 (Wavemetrics) to sort 

particles, calculate contour lengths, end-to-end distances, and persistence lengths using  

  < 𝑅2 >= 2𝑠𝑙𝑝𝐿 [1 − 𝑠𝑙𝑝/𝐿 (1 − exp (−
𝐿

𝑠𝑙𝑝
))]   Eq. 3 

which is derived from the worm-like chain model 30. Here, s is a surface parameter which is set 

equal to 2 for polymers equilibrated on a 2-dimensional surface 31. Briefly, the algorithm 

skeletonizes the image, determines end points and branch points, then uses a pathfinding process 

to determine the contour length of the individual particles. To determine the rates, the results were 

fitted with an exponential function:  

                                      𝑦 =  𝑦0 + 𝐴𝑒−𝑘𝑡       Eq. 4 

Here, y and y0 are parameters that represent particle abundance and the corresponding intercept. 

The amplitude is A and the rate is k.  For calculating the theoretical diffusion limited rate of 

cyclization, kcy, the translational diffusion coefficient of CL polymers was estimated to be D ≈ 5 

×10-8 cm2/s based on results 32 from a model charged polymer with similar molecular weight (500 

bp DNA) and the mean square end-to-end distance was calculated via Eq. 3 with experimentally 

determined persistence length lp = 11 nm and contour length, L = 70 nm 26.  Because loop closure 

occurs in solution prior to surface binding, we set s = 1 for 3-dimensional equilibration.  

 

Data availability 

All data needed to evaluate the conclusions in the paper are present in the paper and/or the 

Supplementary Materials. Additional data related to this paper may be requested from the 

corresponding authors (kinggm@missouri.edu or fbarrera@utk.edu). 
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Figure Captions 

Figure 1. C-laurdan reports on CL polymerization. (A) Sample preparation strategy to study 

CL kinetics. Lyophilized CL is resuspended in MilliQ water and diluted to 100 µM for storage. 

CL is diluted further in MilliQ before being introduced to the working buffer at the desired 

concentration. (B) A hypothetical model depicting the fatty acid chain of the polarimetric dye C-

laurdan interacting with the hydrophobic moiety of a CL octamer. This interaction induces a 

partial desolvation of the dye that causes an increase in GP, which is a measure of C-Laurdan 

spectral emission shift, as described in Experimental Procedures. (C) GP-values increase at 

higher [CL]. Data points were recorded after a 4-hour incubation of CL with 1 𝜇M C-

laurdan. (D) C-laurdan tracks CL polymerization kinetics. GP-values reflect dynamic changes in 

C-laurdan solvation status over time. (E) Polymerization-deficient mutant G4W undergoes 

hindered GP increase compared to WT CL at 1.0 uM peptide concentration. Error bars represent 

the standard deviation of three independent experiments. 
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Figure 2. Time dependence of CL polymerization. (A) AFM images demonstrate progressive 

polymerization of CL subunits over time; scale bars = 200 nm. (B) Histograms of AFM particle 

mass, calculated from volume data, show progressive shifts to higher mass over time. (C) MP data 

show a similar progression. (D) The mean mass and standard deviation from MP (green) and AFM 

(blue) data were calculated at different time points. Dashed lines overlaid to guide the eye; [CL] 

was 330 nM. 

 

Figure 3. Concentration effects on CL polymerization. (A) AFM images show CL particle 

behavior at increasing concentrations; scale bars = 200 nm. To distinguish between subunit 

formation and large-scale polymerization, particle distributions are filtered and average 

subunits/particle plotted for particles with mass (B) less than or equal to an octamer (open squares) 

and (C) greater than the octamer (closed squares). The particles less than or equal to an octamer 

(B) exhibit a sigmoidal trend that was fitted with a Hill equation. At concentrations less than 150 

nM, very few particles are observed per area and pre-formed complexes dominate the average 

mass of particles larger than an octamer (C, orange squares). All error bars are standard deviation. 

 

Figure 4. Low salt conditions reduce polymerization. (A) GP kinetic assay of CL (1 M) self-

assembly measured in the presence (green) and absence (gold) of salt. Error bars are the standard 

deviation for 3 biological replicates. (B) CL diluted and incubated in ultrapure water for 0 and 60 

min were imaged via AFM, revealing low polymerization; scale bars = 200 nm. (C) AFM images 

are analyzed and mass histograms show a narrow peak with a minor shoulder. Similar results were 

observed in MP, illustrated by histograms in which there is no appreciable increase in larger mass 

features over time. (D) The average mass determined from MP (gold) and AFM (red) is plotted 
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over time, showing little to no change when compared to data collected in buffer (green and blue 

dashed lines). 

 

Figure 5. Kinetics of particle types. (A) The average subunits per particle for all features (N = 

9,623) was quantified and plotted over time at 330 nM CL. A linear fit (dashed line) guides the 

eye. (B) Representative images of identified particle types are shown, with the simplest being the 

subunit, linear particle, and loop (left). Complex particles are defined as having one or more branch 

points and have a variety of morphologies, a selection of which is displayed (right); scale bars = 

20 nm. (C) Mean subunit/N for particle type. Error bars are the standard deviation. (D) Plots of 

subunit/N as a function of time exhibit minimal fluctuations about the mean for each particle type. 

Horizontal dashed lines and shaded boxes indicate the mean and standard deviation, respectively. 

(E) The abundance of each particle type relative to all features is displayed versus time. Dashed 

lines guide the eye on the plots of the subunits and complex particles; since the abundance of linear 

particles and loops plateaus, they were fitted with exponential functions (solid lines). Effective 

rate constants extracted from the fits are displayed. Error bars are standard deviation. 

 

Figure 6. Model of multiphasic CL polymer assembly. An energetic diagram describes the 

proposed model for the assembly of CL polymers starting with the CL monomer with highest 

energy and fastest assembly into an octamer (k1). Octamers may then join to form a polymer of n 

subunits, displayed here with n = 2 and 6. The rate of this type of particle formation is labeled k2. 

From a linear polymer, three possibilities exist: (i) continued polymerization at either free end with 

rate k2, (ii) closure of free ends to form a more energetically stable loop with rate k3, or (iii) addition 
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of an octamer at a secondary site, forming a branched polymer. The energy barrier for this event 

is expected to be higher, thus resulting in a slow k4. 

 

 

Conflict of interest 

The authors declare that they have no conflicts of interest with the contents of this article. 

 

Jo
urn

al 
Pre-

pro
of



22 

 

References 

(1) Richardson, J. P. Candida Albicans: A Major Fungal Pathogen of Humans. Pathogens 

2022, 11 (4), 459. https://doi.org/10.3390/pathogens11040459. 

(2) Lu, H.; Hong, T.; Jiang, Y.; Whiteway, M.; Zhang, S. Candidiasis: From Cutaneous to 

Systemic, New Perspectives of Potential Targets and Therapeutic Strategies. Adv. Drug 

Deliv. Rev. 2023, 199, 114960. https://doi.org/10.1016/j.addr.2023.114960. 

(3) Peters, B. M.; Yano, J.; Noverr, M. C.; Fidel, P. L. Candida Vaginitis: When Opportunism 

Knocks, the Host Responds. PLoS Pathog. 2014, 10 (4), e1003965. 

https://doi.org/10.1371/journal.ppat.1003965. 

(4) Mayer, F. L.; Wilson, D.; Hube, B. Candida Albicans Pathogenicity Mechanisms. Virulence 

2013, 4 (2), 119–128. https://doi.org/10.4161/viru.22913. 

(5) Russell, C. M.; Rybak, J. A.; Miao, J.; Peters, B. M.; Barrera, F. N. Candidalysin: 

Connecting the Pore Forming Mechanism of This Virulence Factor to Its 

Immunostimulatory Properties. J. Biol. Chem. 2023, 299 (2), 102829. 

https://doi.org/10.1016/j.jbc.2022.102829. 

(6) Moyes, D. L.; Wilson, D.; Richardson, J. P.; Mogavero, S.; Tang, S. X.; Wernecke, J.; 

Höfs, S.; Gratacap, R. L.; Robbins, J.; Runglall, M.; Murciano, C.; Blagojevic, M.; 

Thavaraj, S.; Förster, T. M.; Hebecker, B.; Kasper, L.; Vizcay, G.; Iancu, S. I.; Kichik, N.; 

Häder, A.; Kurzai, O.; Luo, T.; Krüger, T.; Kniemeyer, O.; Cota, E.; Bader, O.; Wheeler, R. 

T.; Gutsmann, T.; Hube, B.; Naglik, J. R. Candidalysin Is a Fungal Peptide Toxin Critical 

for Mucosal Infection. Nature 2016, 532 (7597), 64–68. 

https://doi.org/10.1038/nature17625. 

(7) Swidergall, M.; Khalaji, M.; Solis, N. V.; Moyes, D. L.; Drummond, R. A.; Hube, B.; 

Lionakis, M. S.; Murdoch, C.; Filler, S. G.; Naglik, J. R. Candidalysin Is Required for 

Neutrophil Recruitment and Virulence During Systemic Candida Albicans Infection. J. 

Infect. Dis. 2019, 220 (9), 1477–1488. https://doi.org/10.1093/infdis/jiz322. 

(8) Liu, J.; Willems, H. M. E.; Sansevere, E. A.; Allert, S.; Barker, K. S.; Lowes, D. J.; Dixson, 

A. C.; Xu, Z.; Miao, J.; DeJarnette, C.; Tournu, H.; Palmer, G. E.; Richardson, J. P.; 

Barrera, F. N.; Hube, B.; Naglik, J. R.; Peters, B. M. A Variant ECE1 Allele Contributes to 

Reduced Pathogenicity of Candida Albicans during Vulvovaginal Candidiasis. PLoS 

Pathog. 2021, 17 (9), e1009884. https://doi.org/10.1371/journal.ppat.1009884. 

(9) Russell, C. M.; Schaefer, K. G.; Dixson, A.; Gray, A. L.; Pyron, R. J.; Alves, D. S.; Moore, 

N.; Conley, E. A.; Schuck, R. J.; White, T. A.; Do, T. D.; King, G. M.; Barrera, F. N. The 

Candida Albicans Virulence Factor Candidalysin Polymerizes in Solution to Form 

Membrane Pores and Damage Epithelial Cells. eLife 2022, 11, e75490. 

https://doi.org/10.7554/eLife.75490. 

(10) Avci, F. G.; Sariyar Akbulut, B.; Ozkirimli, E. Membrane Active Peptides and Their 

Biophysical Characterization. Biomolecules 2018, 8 (3), 77. 

https://doi.org/10.3390/biom8030077. 

(11) Velazhahan, V.; McCann, B. L.; Bignell, E.; Tate, C. G. Developing Novel Antifungals: 

Lessons from G Protein-Coupled Receptors. Trends Pharmacol. Sci. 2023, 44 (3), 162–174. 

https://doi.org/10.1016/j.tips.2022.12.002. 

(12) Cohen, S. I. A.; Linse, S.; Luheshi, L. M.; Hellstrand, E.; White, D. A.; Rajah, L.; Otzen, D. 

E.; Vendruscolo, M.; Dobson, C. M.; Knowles, T. P. J. Proliferation of Amyloid-Β42 

Aggregates Occurs through a Secondary Nucleation Mechanism. Proc. Natl. Acad. Sci. 

2013, 110 (24), 9758–9763. https://doi.org/10.1073/pnas.1218402110. 

Jo
urn

al 
Pre-

pro
of



23 

 

(13) Howard, J. Mechanics of Motor Proteins and the Cytoskeleton; Sinauer, 2001. 

(14) Young, G.; Hundt, N.; Cole, D.; Fineberg, A.; Andrecka, J.; Tyler, A.; Olerinyova, A.; 

Ansari, A.; Marklund, E. G.; Collier, M. P.; Chandler, S. A.; Tkachenko, O.; Allen, J.; 

Crispin, M.; Billington, N.; Takagi, Y.; Sellers, J. R.; Eichmann, C.; Selenko, P.; Frey, L.; 

Riek, R.; Galpin, M. R.; Struwe, W. B.; Benesch, J. L. P.; Kukura, P. Quantitative Mass 

Imaging of Single Biological Macromolecules. Science 2018, 360 (6387), 423–427. 

https://doi.org/10.1126/science.aar5839. 

(15) Kim, H. M.; Choo, H.-J.; Jung, S.-Y.; Ko, Y.-G.; Park, W.-H.; Jeon, S.-J.; Kim, C. H.; Joo, 

T.; Cho, B. R. A Two-Photon Fluorescent Probe for Lipid Raft Imaging: C-Laurdan. 

ChemBioChem 2007, 8 (5), 553–559. https://doi.org/10.1002/cbic.200700003. 

(16) Sezgin, E.; Waithe, D.; Bernardino de la Serna, J.; Eggeling, C. Spectral Imaging to 

Measure Heterogeneity in Membrane Lipid Packing. ChemPhysChem 2015, 16 (7), 1387–

1394. https://doi.org/10.1002/cphc.201402794. 

(17) Dodes Traian, M. M.; Flecha, F. L. G.; Levi, V. Imaging Lipid Lateral Organization in 

Membranes with C-Laurdan in a Confocal Microscope. J. Lipid Res. 2012, 53 (3), 609–616. 

https://doi.org/10.1194/jlr.D021311. 

(18) Kaiser, H.-J.; Lingwood, D.; Levental, I.; Sampaio, J. L.; Kalvodova, L.; Rajendran, L.; 

Simons, K. Order of Lipid Phases in Model and Plasma Membranes. Proc. Natl. Acad. Sci. 

U. S. A. 2009, 106 (39), 16645–16650. https://doi.org/10.1073/pnas.0908987106. 

(19) Sezgin, E.; Kaiser, H.-J.; Baumgart, T.; Schwille, P.; Simons, K.; Levental, I. Elucidating 

Membrane Structure and Protein Behavior Using Giant Plasma Membrane Vesicles. Nat. 

Protoc. 2012, 7 (6), 1042–1051. https://doi.org/10.1038/nprot.2012.059. 

(20) Schneider, S. W.; Lärmer, J.; Henderson, R. M.; Oberleithner, H. Molecular Weights of 

Individual Proteins Correlate with Molecular Volumes Measured by Atomic Force 

Microscopy. Pflüg. Arch. 1998, 435 (3), 362–367. https://doi.org/10.1007/s004240050524. 

(21) Baumann, C. G.; Smith, S. B.; Bloomfield, V. A.; Bustamante, C. Ionic Effects on the 

Elasticity of Single DNA Molecules. Proc. Natl. Acad. Sci. 1997, 94 (12), 6185–6190. 

https://doi.org/10.1073/pnas.94.12.6185. 

(22) Chen, H.; Meisburger, S. P.; Pabit, S. A.; Sutton, J. L.; Webb, W. W.; Pollack, L. Ionic 

Strength-Dependent Persistence Lengths of Single-Stranded RNA and DNA. Proc. Natl. 

Acad. Sci. 2012, 109 (3), 799–804. https://doi.org/10.1073/pnas.1119057109. 

(23) Real Hernandez, L. M.; Levental, I. Lipid Packing Is Disrupted in Copolymeric Nanodiscs 

Compared with Intact Membranes. Biophys. J. 2023, 122 (11), 2256–2266. 

https://doi.org/10.1016/j.bpj.2023.01.013. 

(24) Enoki, T. A.; Feigenson, G. W. Improving Our Picture of the Plasma Membrane: Rafts 

Induce Ordered Domains in a Simplified Model Cytoplasmic Leaflet. Biochim. Biophys. 

Acta Biomembr. 2022, 1864 (10), 183995. https://doi.org/10.1016/j.bbamem.2022.183995. 

(25) Winnik, M. A. End-to-End Cyclization of Polymer Chains. Acc. Chem. Res. 1985, 18, 73–

79. 

(26) Cuniberti, C.; Perico, A. Intramolecular Diffusion-Controlled Reactions and Polymer 

Dynamics. Prog. Polym. Sci. 1984, 10 (4), 271–316. https://doi.org/10.1016/0079-

6700(84)90007-8. 

(27) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.; Academic Press, 2011. 

(28) Chada, N.; Chattrakun, K.; Marsh, B. P.; Mao, C.; Bariya, P.; King, G. M. Single-Molecule 

Observation of Nucleotide Induced Conformational Changes in Basal SecA-ATP 

Hydrolysis. Sci. Adv. 2018, 4 (10), eaat8797. https://doi.org/10.1126/sciadv.aat8797. 

Jo
urn

al 
Pre-

pro
of



24 

 

(29) Pittman, A. E.; Marsh, B. P.; King, G. M. Conformations and Dynamic Transitions of a 

Melittin Derivative That Forms Macromolecule-Sized Pores in Lipid Bilayers. Langmuir 

2018, 34 (28), 8393–8399. https://doi.org/10.1021/acs.langmuir.8b00804. 

(30) Rubinstein, M.; Colby, R. Polymer Physics; Oxford University Press Inc.: New York, 2003. 

(31) Rivetti, C.; Guthold, M.; Bustamante, C. Scanning Force Microscopy of DNA Deposited 

onto Mica: Equilibration versus Kinetic Trapping Studied by Statistical Polymer Chain 

Analysis. J. Mol. Biol. 1996, 264 (5), 919–932. https://doi.org/10.1006/jmbi.1996.0687. 

(32) Lukacs, G. L.; Haggie, P.; Seksek, O.; Lechardeur, D.; Freedman, N.; Verkman, A. S. Size-

Dependent DNA Mobility in Cytoplasm and Nucleus*. J. Biol. Chem. 2000, 275 (3), 1625–

1629. https://doi.org/10.1074/jbc.275.3.1625. 

 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Author CRediT Statement 

KGS performed AFM experiments and analysis, CMR performed MP experiments, RJP performed 

fluorescence experiments, EAC wrote software and performed analysis, FNB and GMK 

supervised the project. All authors contributed to writing the manuscript.  

 

 

Jo
urn

al 
Pre-

pro
of



Conflict of interest 

The authors declare that they have no conflicts of interest with the contents of this article. 

 

Jo
urn

al 
Pre-

pro
of


