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ABSTRACT

Ergosterol, found in fungi and some protists membranes, is understudied compared with
cholesterol from animal membranes. Generally, ergosterol is assumed to modulate membranes in
the same manner as cholesterol based on their similar chemical structures. Here we reveal some
fundamental structural and dynamical differences between them. Neutron diffraction shows that
ergosterol is embedded in the lipid bilayer much shallower than cholesterol. Ergosterol does not
change the membrane thickness as much as cholesterol does, indicating little condensation effect.
Neutron spin echo shows that ergosterol can rigidify and soften membranes at different
concentrations. The lateral lipid diffusion measured by quasi-elastic neutron scattering indicates
that ergosterol promotes a jump diffusion of lipid, whereas cholesterol keeps the same
continuous lateral diffusion as the pure lipid membrane. Our results point to quite distinct
interactions of ergosterol with membranes compared with cholesterol. These insights provide a
basic understanding of membranes containing ergosterol with implications for phenomena such
as lipid rafts and drug interactions.
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Sterols are an important class of lipids that regulate many biological processes. In addition to
balancing membrane rigidity and permeability by incorporating into phospholipids, many sterols
are precursors to other molecules, and they participate in cell signaling and directly interact with
proteins. For example, sterols regulate the membrane thickness. This function enables membrane
proteins with different hydrophobic region lengths to function normally in a membrane. Among
sterols, ergosterol is found in cell membranes of fungi and some protists. However, studies on
ergosterol are sparse, and many of its fundamental structural and dynamical effects in
membranes are unknown compared with the extensively studied cholesterol. Basically,
ergosterol has been assumed to play a similar role and has comparable effects on membranes as
cholesterol. Therefore, the effects of ergosterol should be understood explicitly because its
presence in fungi holds important understanding of the organisms and possibly keys for
developing new antifungal agents, which are important as fungal infections are on the rapid rise
along with climate change.! For example, ergosterol—but not cholesterol—interacts strongly
with amphotericin B, the powerful but highly toxic drug used to treat life-threatening fungal
infections.> More fundamental understandings of ergosterol in membranes can not only provide

clues for their interactions but also further stimulate new approaches in battling fungal infection .

Ergosterol has similar chemical structure to cholesterol with a chain attached to the steroid
nucleus. The main differences are that ergosterol has a hydrocarbon tail with a methyl group and
additional double bonds in the chain and in a ring (Chart 1). The structural similarity to
cholesterol leads to widespread assumptions that it interacts similarly with membranes.%’
However, recent studies suggest that ergosterol affects membranes differently from cholesterol.
For example, in saturated lipids, the thickening effect shown by a recent X-ray study from

ergosterol is much smaller in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC); therefore,



the condensing effect, the area per lipid decreasing with ergosterol, is much less than that with
cholesterol.? Yet, other experiments and simulations showed that ergosterol’s chain ordering and
condensing effect is stronger than that of cholesterol in DMPC.>!! Some studies showed
ergosterol more effectively orders lipid chains of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) below a certain concentration but less effectively above.!>"'* Sometimes this effective
ordering of DPPC depends on the liquid-ordered or -disordered domain.! Similarly, in
membranes with unsaturated chains, ergosterol can make palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) lipid chains more ordered or disordered depending on a critical
concentration.!® Ergosterol is less effective in ordering POPC chains than cholesterol,!%!7 and
ergosterol increases POPC membrane bending rigidity less than cholesterol, as measured by
giant vesicle aspiration.'®!” However, an X-ray study showed that ergosterol can even thin lipid
membranes with unsaturated chains (e.g., POPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine
[DOPC]), indicating no condensing effect manifested by the membrane thickening effect.® These
findings all point to a need for more fundamental understanding of ergosterol in membranes.
This work employed a series of neutron scattering techniques to focus on the location of
ergosterol in lipid membranes and how it affects the membranes’ mechanical properties as well
as microscopic lipid dynamics. Because neutrons interact with nuclei in atoms, they are highly
sensitive to isotopes of the same element. Especially, there is large neutron scattering cross
section difference between protium and deuterium, the most abundant isotopes of hydrogen.
Features in complex membrane samples can be selectively studied by contrast variation using
different ratios of H,O and D,0 as the solvent. Furthermore, isotope replacement such as
deuterium-labeling of a molecule can be used to highlight an individual component in complex

assemblies.?*22 Consequently, neutron membrane diffraction (NMD) allows for accurate



pinpointing of the membrane structure details with atomic resolution. Neutron spectroscopies
also cover a wide range of time and length scales pertinent to membranes. For example, neutron
spin echo (NSE) provides information on motions up to submicrosecond time scales from a few
to hundreds of nanometers. Quasi-elastic neutron scattering (QENS) can access lipid dynamics
from pico- to nanoseconds in the length scale of a few angstroms to nanometers. The ensemble
information from typical bulk samples in neutron scattering has been valuable to the overall
understanding of the structure and dynamics of membranes. 2>-?* Additionally, the low-energy
neutron (on the order of microelectronvolts) used in the present work does not cause any
radiation or heat effects on the samples, ruling out any artifacts that may be detrimental to
sensitive biomembranes. Those methods revealed major differences in the locations and
dynamics of ergosterol compared with cholesterol, pointing to a pressing need to reassess the

assumption that typical sterol effects are like those of cholesterol.

Chart 1. Chemical structure of (left) ergosterol and (right) cholesterol.

First, NMD was used to locate ergosterol in the POPC lipid bilayer, a major eukaryotic model
membrane. The lipid membrane samples were highly ordered multilamellar stacks on a flat

substrate suitable for grazing angle diffraction, which provides structural information normal to



the plane of lipid bilayers.>>>7 The POPC/ergosterol ratios were 10/0.5 and 10/1 (in molar), and
a POPC-only sample was used for comparison. Because neutrons are highly sensitive to the
difference between protium and deuterium, perdeuterated ergosterol (d-ergosterol) was used to
maximize the difference between POPC and the added ergosterol. The contrast between
d-ergosterol and protiated POPC would be prominent in the reconstructed structural profile in
terms of neutron scattering length density (NSLD).>>?8 No higher concentration than 10/1 was
used in NMD because ergosterol made samples less well-aligned for diffraction at higher
concentrations, consistent with the lower solubility of ergosterol compared with cholesterol in an
earlier study.® During the measurement, the substrate-supported samples were under controlled
relative humidity (RH) of 97% and 93%, using 8% D,0 or 40% D,0O content in the hydration
water, respectively, at 30 °C. The samples produced well-defined diffraction peaks suitable for
structure reconstruction (an example is shown in Fig. S2 in the Supporting Information (SI), the

structure factors are in Table S1).

The reconstructed NSLD profiles reveal the changes of the POPC bilayer structure and the
locations of ergosterol (Fig. 1, Fig. S3). With 8% D,0 as hydrating water, the water NSLD in the
system is zero, so the contribution of hydration water is mostly avoided for less ambiguity.?>-*7-?
Additional measurements were performed with 40% D,O hydration water for comparison. The
data show that adding ergosterol to POPC slightly increases the D spacing in the POPC bilayer
(Table 1). However, the peak—peak (P-P) distance, a feature more indicative of the membrane
thickness, shows insignificant change (up to ~2.5%) upon the addition of ergosterol regardless
the molar ratio. This change is remarkably small compared with the usually significant thickness

increase caused by cholesterol reported in the literature (~6%—16%). 33! Moreover, cholesterol



typically causes a monotonic increase of the thickness with concentration change, but no obvious

trend was found in the case of ergosterol.
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Figure 1. NSLD profiles for samples at 97% RH. The black profile in each figure is the POPC-only

sample at the respective condition. The red solid profiles are POPC/d-ergosterol = 10/0.5 in (A) 8% D,0,
(C) 40% D,0. The blue solid profiles are POPC/d-ergosterol = 10/1 in (B) 8% D,0, (D) 40% D,0O. The
dashed profile in each figure is excess NSLD obtained by subtracting the POPC-only profile (black) from

the respective POPC/d-ergosterol profiles, representing mostly ergosterol distribution. The lower panel in



each figure is the rescaled profile of the excess NSLD from the top for clarity. The solid and dashed

vertical lines indicate the locations of Peak 1 and Peak 2, respectively (Table 1). Cartoons in (A) represent

the location of ergosterol conceptually. Results from 93% RH are illustrated in SI Fig. S3.

Table 1. Structure parameters from diffraction profiles at 97% RH and 93% RH.

97% RH Sample D spacing | P-P distance | Peak 1 distance | Peak 2 distance
(A) (A) from  bilayer | from  bilayer
center (A) center (A)
8% D,0O POPC only 51.23+0.50 | 37.33 £0.35 | N/A N/A
10/0.5 52.42+0.50 | 37.86 £0.35 |20.45+0.19 8.47 +£0.08
10/1 53.11£0.50 | 38.06 £0.35 | 19.90+0.18 7.65 +£0.07
40% D,0O POPC only 51.22+0.40 | 37.39+0.32 | N/A N/A
10/0.5 52.68 +£0.40 | 38.68 £ 0.33 | 22.97+£0.21 8.71£0.09
10/1 52.53+0.40 | 38.52+0.34 |22.12+0.20 8.20 £ 0.08
93% RH Sample Deuterium | P-P distance | Peak 1 distance | Peak 2 distance
spacing (A) | (A) from  bilayer | from  bilayer
center (A) center (A)
8% D,0O POPC only 51.23+0.50 | 37.49+£0.35 | N/A N/A
10/0.5 52.42+0.50 | 38.04 £0.35 | 20.50+0.19 8.31+£0.08
10/1 53.12+0.50 | 38.22+0.36 | 19.92+0.18 7.55+£0.07
40% D,0 POPC only 51.26+£0.40 | 37.88 +£0.32 | N/A N/A
10/0.5 52.64 £0.40 | 38.84 £0.33 |22.39+£0.21 8.98 +0.08
10/1 52.50+0.40 | 38.62+0.34 |21.03+0.20 8.27+0.08

This insignificant membrane thickness change indicates that the relative locations of the POPC

headgroup and chain are not altered significantly by the ergosterol. Therefore, the contribution of




ergosterol (dashed profiles in Fig. 1, Fig. S3) can be obtained by subtracting the POPC-only
profile from the ergosterol-containing profiles.?*233 One advantage of using perdeuterated
ergosterol in a protiated POPC bilayer is that the isotope contrast dominates the NSLD change,
providing accurate locations of ergosterol inside the bilayer, as indicated by the dashed profiles
in Fig. 1. For both concentrations, the subtraction yields two series of peaks (Table 1): the
stronger peaks (Peak 1) are about 20 A away from the bilayer center, and the smaller peaks (Peak
2) are about 8 A away. The extent of the peaks roughly matches the length of a single ergosterol
molecule (~15 A). Therefore, they indicate the location of ergosterol inside POPC membrane.
The peak heights in the 10/1 sample are about twice those of the 10/0.5 sample because of
doubled d-ergosterol concentration in the 8% D,O data, substantiating the accuracy of the NSLD
profiles. With the average NSLD of perdeuterated ergosterol (Table S2), the NSLD profiles
normalized by POPC are 0.036 x 10~7 A2 mol™! (10/0.5) and 0.072 x 107 A2 mol~! (10/1).
Those values match the heights of Peak 1 quite well. Peak 2 heights are lower and resemble the
NSLD of the —-CDj; group at the end of the ergosterol tail: 0.025 x 10~7 A=2 mol™! (10/0.5) and
0.050 x 1077 A2 mol™! (10/1). Those values, and the typical hydrophobicity of its components,
indicate that the sterol nucleus side with the hydroxyl group is oriented toward Peak 1 and the

tail side toward Peak 2.

As the concentration increases from 10/0.5 to 10/1, Peak 1 and Peak 2 locations from Table 1
indicate a marginally deeper insertion toward the bilayer center. These values were compared
with the locations of cholesterol reported in the literature. Cholesterol was found to be about
16 A from the bilayer center in POPC at a similar concentration.?’ The 8% D,0O data show that
ergosterol’s sterol nucleus is about 20.5 A (10/0.5) and 19.9 A (10/1) away from the bilayer

center (Table 1). Therefore, ergosterol is embedded much shallower (~4 A) inside the bilayer



than cholesterol, closer to the headgroup around phosphate and carboxyl groups. This much
shallower insertion of ergosterol than cholesterol could contribute to the reduced effectiveness in
ordering the chain.? This result also explains that the thickening effect of ergosterol is much less
than that of cholesterol because ergosterol interacts with the chains to a lesser extent. The 40%
D,0 data show that Peak 1 shifts to farther away from the center of the bilayer because of the
overlap of ergosterol and water near the POPC headgroup. However, Peak 2 does not shift
compared with the 8% D,0O data, indicating the extent of ergosterol inside the hydrophobic chain

region. This result also substantiates the robustness of this approach to locate ergosterol.

As ergosterol concentration increases, the multilamellar samples become less aligned and
therefore unsuitable for diffraction experiments. Small-angle neutron scattering (SANS)
experiments were performed with vesicle solution samples with ergosterol concentration up to
10/3. The samples were extruded by a mini-extruder to form large unilamellar vesicles (LUVs),
presumably, as described in SI. The SANS data clearly show the effect of varying the
concentration of ergosterol (Fig. S4 in SI). The data, especially from the POPC-only sample,
indicate some degree of multilamellarity, even after the extrusion, judging from the small bump
around 0.1 A~! with a more abrupt downturn when transiting away from the 2D sheet-like feature
with a power law coefficient of approximately —2. The data from samples with ergosterol show
more gradual transitions, pointing to improved unilamellarity in vesicle solution.3*3> A core—
multishell model with possibility of unilamellar, bilamellar, trilamellar, and quadrilamellar
vesicles was used to determine the membrane thickness and the ratio of non-unilamellar vesicles.
The fitting results indicate that a small fraction of vesicles are multilamellar (Table S3),
consistent with the observation on the SANS data curvature. The multilamellarity in the POPC-

only sample is the highest, with about 85% unilamellarity, 11.5% bilamellarity, and trace
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amounts of higher multilamellarity such as trilamellarity and quadrilamellarity. For
POPC/ergosterol samples, LUVs are increasingly dominant with much reduced levels of
multilamellarity. At the highest ergosterol ratio of 10/3, more than 90% vesicles are LUV. From
the SANS fitting results, the membrane thicknesses in terms of headgroup, hydrocarbon chain,
and total thickness (Table 3) show insignificant and no obvious trend of membrane thickness
change, similar to the NMD result. This result is in stark contrast to cholesterol, which exhibits
membrane thickness changes usually on the order of a few angstrom at different concentrations
with either saturated or unsaturated lipids.’? The shallower insertion of ergosterol into the
headgroup to hydrocarbon interfacial region of the POPC membrane greatly reduced the
thickness modulation of ergosterol compared with cholesterol. The increasing LUV formation in
solution with higher ergosterol ratios indicates membrane bending energy change, an important
factor for the LUV extrusion process, as ergosterol is incorporated into the lipid bilayer. 3°> These
results were followed up by a membrane bending study via a NSE experiment to understand how

ergosterol modulates the bending rigidity.

With the same vesicle solution samples, an NSE experiment was performed to measure the
collective dynamics taking place on ~100 ns time scales. This information can be used to derive
the membrane mechanical properties such as the effective and intrinsic bending moduli.
Following Zilman and Granek,*¢ a freestanding single-membrane fluctuation model was used to
fit the intermediate scattering function S(Q, £)/S(Q, 0) for O > 0.080 A~! measured in NSE to
obtain the decay rate of the fluctuation (Fig. S7). This information can be used to derive the
membrane mechanical properties such as the effective and intrinsic bending moduli ( and «) and

the bilayer area compressibility modulus (K4 ) (method described in SI).
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The results show both the effective bending modulus k and the intrinsic bending modulus « of
ergosterol first slightly increases at the 10/0.5 ratio and then slightly decreases at the 10/1 ratio.
Further decrease occurs at the higher ergosterol concentration of 10/3 (Fig. 2, Table 2).
Compared with the typically large increase in bending rigidity with increasing cholesterol
concentration, ergosterol can modulate membranes for rigidifying and softening at varying
concentrations. This behavior is very different from that of cholesterol, which is found to
monotonically increase the rigidity of many lipid membranes, including POPC. For example,
Arriaga et al. used NSE to find that 20% cholesterol increases the POPC membrane bending
rigidity by about 25%, and further increase occurs at higher ratios.3” The much smaller bending
rigidity change in POPC caused by ergosterol in contrast to large monotonical increase by
cholesterol is also consistent with macroscopic membrane mechanics measured by giant vesicle

aspiration and fluorescence polarization measurement in multilamellar vesicles.!®1%-38
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Figure 2. The relative ratios of the bending moduli « to that of the POPC-only sample. The cartoons on

the right illustrate the membrane bending measured from the dynamics in NSE.
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Table 2. The effective bending modulus k, the intrinsic bending modulus «, and the bilayer area

compressibility modulus K4

Sample | § (keT) |k (keT) | Ka (mN/m)

POPC |277+13|21.3+1.0|266+24

10/0.5 |326+15|251+1.2|314+29

10/1 314+10|24.2+08 | 274 £ 17

10/3 275+9 |21.1+0.7 | 252 + 17

To understand how ergosterol affects the molecular motion of the POPC lipid on the nanosecond
time scale, QENS was used to measure the lateral diffusion change with the addition of
ergosterol and cholesterol at relatively high concentration (10/3 in molar ratio). From the
dynamic structure factor that describes the microscopic dynamics of the lipids, the lateral lipid
diffusivity can be obtained from the half width at half maximum I'(Q) of the narrow Lorentz

function component of the dynamic structure factor (method detailed in SI).

Interestingly, although POPC and POPC/cholesterol data can be fitted, as customary, with the
continuous Fickian diffusion model: I'(Q)= ADQ?, where # is Planck’s constant and D is the
lateral diffusion coefficient, the POPC/ergosterol data necessitated the use of a jump diffusion
(Chudley-Elliott; CE) model: I'(Q) = (6AD/L?)(1 — (sin(QL)/QL)), where L is the finite diffusion
jumps distance (in the continuous Fickian diffusion process, L = 0).3%4° Fig. 3 clearly
demonstrates an unsatisfactory fit with continuous Fickian diffusion model (Fig. 3; dashed red
line) and a satisfactory fit with jump diffusion CE model (Fig. 3; solid red line) for

POPC/ergosterol. On the contrary, for POPC and POPC/cholesterol, the fits with continuous
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Fickian diffusion model (solid lines) were satisfactory, and all attempts to fit the O dependence
with jump diffusion model resulted in L = 0, and the fits degenerated into continuous the Fickian
diffusion model. The lateral diffusion coefficient, D, was found to be 0.53 + 0.02 x 10710 m?/s for
POPC, 0.29 £ 0.01 x 10719 m?/s for POPC/cholesterol, and 0.38 + 0.04 x 10719 m?/s for
POPClergosterol. In fluid phase, the addition of cholesterol does not change the continuous
Fickian diffusion found in the POPC sample (Fig. 3; inset [b]) but significantly reduces the
POPC diffusion rate. However, in the presence of ergosterol, the diffusion rate reduction is
moderate, yet it changes POPC to a distinct jump diffusion CE mechanism (Fig. 3; inset [a]). The
diffusion jump distance for POPC in the presence of ergosterol was found to be L = 3.5+ 0.2 A.
The qualitative difference of the lipid diffusion mechanism in POPC/ergosterol system is
corroborated by the model-free representation of the raw QENS data after the D,0O background
subtraction (Fig. S11 in SI). These data demonstrate a much weaker Q dependence of the QENS
broadening, characteristic of jump diffusion, as opposed to the strong QO dependence of the
QENS broadening observed for POPC and POPC/cholesterol, characteristic of continuous

Fickian diffusion.
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Figure 3. Fits of the O dependence of the width of the Lorentzian function component of the dynamics

associated with the lateral lipid diffusivity. The best fits (solid lines) are given by the jump diffusion
model for POPC/ergosterol (inset [a]) and continuous Fickian diffusion model for POPC and
POPC/cholesterol (inset [b]). The unsatisfactory fit with the continuous Fickian diffusion model for
POPCl/ergosterol is represented by the dashed line. The inset cartoons illustrate two different diffusion

models.

Remarkably, considering many experiments previously performed at the Spallation Neutron
Source’s BASIS instrument on vesicles with various lipids and various additives,*'*? the current
POPC/ergosterol system was the only one that necessitated the use of the jump diffusion model

(Fig. 3; inset [a]), whereas all other systems were always fitted satisfactorily with the commonly

15



used continuous Fickian diffusion model (Fig. 3; inset [b]). Because the lipid vesicles’ data
measurements, reduction, and fits with Lorentz functions were always performed at BASIS in
the same manner, thus eliminating possible bias in data handling, ergosterol’s effect on lipid
diffusion was shown to be quite unusual compared with cholesterol. Cholesterol is more
restrictive than ergosterol at the concentration studied herein, implying (consistent with the NSE
results) that the membrane with cholesterol is more viscous and rigid. However, the presence of
cholesterol does not change the continuous diffusion mechanism. In the membrane with
ergosterol, the rigidity and likely permeability change is more delicate, depending on the
ergosterol concentration, and the change on the overall mechanical properties can happen in both

directions, as shown by NSE results.

Based on these structure and dynamics results, we hypothesize that the different insertion depth
of sterols into POPC membrane appears to cause distinct effects on membrane dynamics such as
diffusion and mechanical properties. Cholesterol is more deeply inserted into the chain region of
POPC, so it can be viewed as a more integral part of membrane, especially the hydrocarbon
chain, which is more visible to QENS owing to their contrast. Therefore, POPC/cholesterol
behaves like continuous Fickian diffusion but with a much slower diffusion coefficient because
cholesterol makes the bilayer more viscous. However, ergosterol’s shallower insertion positions
it closer to the more rigid glycerol backbone of the lipid where it could act like an obstruction for
POPC to diffuse, hence the 3.5 A jump length. This length is not necessarily the lateral
dimension of ergosterol but is an average factor showing its obstruction. The reverse effect by
lipids on ergosterol is also possible: DPPC has been shown to significantly slow lateral diffusion
of ergosterol compared with cholesterol.** Furthermore, ergosterol’s additional double bonds and

methyl group make its conformation more restrictive and less flexible in contrast to cholesterol.
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The different strength of hydrogen bonding near the glycerol backbone owing to the different
insertion depth will also contribute to those differences.® The effects of ergosterol are expected
to vary significantly from saturated to unsaturated lipids, as shown previously. A further

structure and dynamics study with similar approaches on saturated lipids would be beneficial.

In summary, this study reveals that fundamental structural and dynamical effects of ergosterol in
POPC membranes differ greatly from cholesterol. Compared with cholesterol, ergosterol embeds
significantly shallower, about 4 A closer toward the headgroup inside the bilayer. At the same
time, the membrane-thickening effect is insignificant compared with cholesterol. Ergosterol’s
shallower insertion reduces the effectiveness of its ordering effect on the hydrocarbon chain.
Ergosterol slightly increases the membrane rigidity at low concentrations, but the effect reverses
at higher concentrations. Compared with cholesterol, which always makes membranes highly
rigid and more viscous with a much lower lipid diffusion rate, the effect of ergosterol is weaker
yet more intricate. Ergosterol’s variable effect on membrane rigidity might be an advantage for
fungi in a less controlled environment, allowing the fungi to modulate membrane structure and

function, even though ergosterol’s biosynthesis costs more energy than cholesterol.#3-46

These results point to quite different biophysical and biochemical properties of ergosterol that
need further examination. With notable differences in modulation of the membrane structure and
dynamics, ergosterol, cholesterol, and many other sterols likely have different tendencies in

raft/domain formation,*’* protein interaction, and membrane—drug interaction.>4%30
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The Supporting Information includes detailed materials and methods for NMD, SANS, NSE, and

QENS with additional figures and tables.
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