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Effective Parameters Controlling Sterol Transfer: A Time-Resolved Small-Angle
Neutron Scattering Study

Abstract

Though cholesterol is the most prevalent and essential sterol in mammalian cellular membranes, its
precursors, post-synthesis cholesterol products, as well as its oxidized derivatives play many other
important physiological roles. Using a non-invasive in situ technique, time-resolved small angle neutron
scattering, we report on the rate of membrane desorption and corresponding activation energy for this
process for a series of sterol precursors and post-synthesis cholesterol products that vary from
cholesterol by the number and position of double bonds in B ring of cholesterol’s steroid core. In addition,
we report on sterols that have oxidation modifications in ring A and ring B of the steroid core. We find that
sterols that differ in position or the number of double bonds in ring B have similar time and energy
characteristics, while oxysterols have faster transfer rates and lower activation energies than cholesterol
in a manner generally consistent with known sterol characteristics, like Log P, the n-octanol/water
partitioning coefficient. We find, however, that membrane/water partitioning which is dependent on lipid-
sterol interactions is a better predictor, shown by the correlation of the sterols’ tilt modulus with both the
desorption rates and activation energy.
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Abstract

Though cholesterol is the most prevalent and essential sterol in mammalian cellular membranes, its precursors, post-synthesis
cholesterol products, as well as its oxidized derivatives play many other important physiological roles. Using a non-invasive
in situ technique, time-resolved small angle neutron scattering, we report on the rate of membrane desorption and corre-
sponding activation energy for this process for a series of sterol precursors and post-synthesis cholesterol products that vary
from cholesterol by the number and position of double bonds in B ring of cholesterol’s steroid core. In addition, we report on
sterols that have oxidation modifications in ring A and ring B of the steroid core. We find that sterols that differ in position
or the number of double bonds in ring B have similar time and energy characteristics, while oxysterols have faster transfer
rates and lower activation energies than cholesterol in a manner generally consistent with known sterol characteristics, like
Log P, the n-octanol/water partitioning coefficient. We find, however, that membrane/water partitioning which is dependent
on lipid-sterol interactions is a better predictor, shown by the correlation of the sterols’ tilt modulus with both the desorption
rates and activation energy.
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Introduction
54 Ursula Perez-Salas Cholesterol is the most prevalent and essential sterol in
ursulaps @uic.edu mammalian cellular membranes (Maxfield and Meer 2010).
Extended author information available on the last page of the article In the plasma membrane (PM), cholesterol is the most
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abundant single component (~40 mol%), with more than
double the amount of phospholipids (Lorent et al. 2020).
Diverse cellular functions require cholesterol, including par-
ticipating in the formation of lipid rafts (Brown and London
1998a) which are implicated in multiple cellular responses
ranging from physiological to pathological (Sviridov et al.
2020; Ripa et al. 2021), as well as binding to sterol-sensing
domains to regulate protein function (Epand 2006), or in
signal transduction across the PM (Sheng et al. 2012). Bio-
chemically, cholesterol serves as a precursor for the synthe-
sis of steroid hormones (Hu et al. 2010) and bile acid (Chi-
ang 2004). Therefore, even a small change in the chemical
structure of cholesterol can have a significant effect on mem-
brane structure and function (Bloch 1983; Xu and London
2000; Delle Bovi et al. 2019), and dynamics (Dufourc 2008)
and can lead to lethal diseases (Shrivastava et al. 2020). Yet,
a more diverse view in which other sterols contribute to the
complexity of biological function by their structural hetero-
geneity, and leading to differences in membrane behavior
from those imparted by cholesterol is also of critical impor-
tance (Maxfield and Mondal 2006; Spann and Glass 2013;
Ayee and Levitan 2021). In addition, other organisms, lack-
ing cholesterol, modulate membrane function by a diverse
family of sterols (Nes 2011).

Several studies have been pursued to understand the class
of structural differences in sterols that lead to similarities
and differences with cholesterol (Serfis et al. 2001; Sha-
ghaghi et al. 2016). Most of the studies have focused on
characterizing the in-plane packing of lipids with different
sterols and in particular track the ability (or not) of sterols
to condense lipids around them—>by virtue of a flat tetracy-
clic carbon ring core—which results in enhanced membrane
thickness as well as the formation of a liquid-ordered phase,
both factors that enable the formation of lipid domains (Xu
and London 2000; Bernsdorff and Winter 2003; Wang and
Megha 2004; Bacia et al. 2005; Megha and Bakht 2006;
Shentu et al. 2010).

In addition to lipid packing and in-plane lipid sorting
effects, another important characteristic of lipids is their
translocation characteristics. The cell is known to main-
tain a complex homeostatic transport network for sterols
(Yamauchi and Rogers 2018; Ikonen and Zhou 2021; Menon
2018; Winkler et al. 2019); however, unassisted transport
across an aqueous environment without the need of active
transporters or membrane contact/proximity is certainly pos-
sible (Garg et al. 2011; McLean and Phillips 1981; Phillips
et al. 1987). A recent simulation study by Atkovska et al.,
which looked at over thirty sterol species, showed that both
the exit characteristics into the surrounding aqueous envi-
ronment as well as the movement across a lipid bilayer of
sterols can vary by many orders of magnitude depending on
the sterol structure (Atkovska et al. 2018). In their simula-
tion, for example, cholesterol exit times are slow, but their
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intra-leaflet mobility is fast. In contrast, hydrocortisone can
move through the aqueous environment fast but will trans-
locate slowly in the lipid bilayer. Indeed, the timescale of
desorption rates for sterols like cholesterol is found to be
slow experimentally (Garg et al. 2011). Hence mapping out
the structure characteristics that lead to specific transport
behavior will provide insight into the cell’s strategies to
move these lipids across cellular membranes.

Here, we present a study of the desorption/transfer char-
acteristics of different sterols between POPC membranes
using a non-invasive in situ technique: time-resolved small
angle neutron scattering (TR-SANS). TR-SANS was ini-
tially applied to study the exchange rate of polymer chains
between polymer micelles (Lund et al. 2006) and shortly
after established for the exchange of lipids within vesicles
(Nakano et al. 2007) and has since been used by several
groups, as reviewed recently by Perez-Salas et al. (2021).
The sterols in the current study were chosen not only for
their structural similarities to cholesterol but also for their
implications in several diseases, where differences in transfer
characteristics between membranes may play an important
role.

The first group of sterols we studied looked at the effect
of changing the number of double bonds in ring B (see
Fig. 1) where we have either two double bonds (7-dehydro-
cholesterol), one double bond but in a different location than
cholesterol (lathosterol) or none (cholestanol). Cholestanol
is derived from cholesterol and bile derivatives in the liver
(Skrede et al. 1985), but the capacity of this pathway is
low; when accumulated in large amounts in the brain and
other tissues, it produces cerebrotendinous xanthomatosis.
Lathosterol and 7-dehydrocholesterol are late precursors in
cholesterol’s biosynthetic pathways. 7-dehydrocholesterol
is synthesized from lathosterol adding an additional double
bond at C5-C6, while lathosterol has only a double bond
at C7-C8 (Fig. 1). Accumulation of 7-dehydrocholesterol,
due to a mutation in the enzyme that catalyzes its reduction
to cholesterol, termed the Smith-Lemli—Opitz syndrome,
has fatal congenital malformations (Porter 2002). Similarly,
albeit they are similar in their chemical structures, the accu-
mulation of lathosterol gives rise to lathosterolosis, which
is another fatal malformation syndrome (Krakowiak et al.
2003).

Additionally, we report on the membrane transfer behav-
ior of a second group of sterols: oxysterols, which are cho-
lesterol-derived compounds with additional oxygen substi-
tutions, commonly hydroxyl, carbonyl, or epoxy groups.
Herein, we studied oxysterols with side-group modifications
in either ring A, 48-hydroxycholesterol, or ring B, Sa,6a-
epoxycholesterol and 7-ketocholesterol (Fig. 1). Oxysterols
are potent regulators of cellular lipid homeostasis (Olk-
konen et al. 2012), and as such, they can contribute to the
development of major chronic diseases like atherosclerosis,
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Fig.1 Top Left: Nomenclature of the tetracyclic steroid core. Ster-
oids considered in this study starting with cholesterol, top right, and
two groups of sterols with modifications. The groups on the left have
none, one, or two double bonds on the second steroid ring (B). The
groups on the right—oxysterols—have side-group modifications in
either the first (A) or second (B) steroid rings. In the figure, 7-dehy-
drocholesterol, 4B-hydroxycholesterol, Sa,6a-epoxycholesterol, and
7-ketocholesterol are labeled: 7-dehydro, 48-hydroxy, a-epoxy and
7-keto, respectively

neurodegenerative diseases, inflammatory bowel diseases,
age-related macular degeneration, and other pathologi-
cal conditions (Wielkoszynski et al. 2020; Anderson et al.
2020; Zmyslowski and Szterk 2019). For example, 7-keto-
cholesterol and other oxysterols, delivered into epithelial
cells through oxy-LDL particles, are found to produce a loss
of PM order leading to cell stiffening (Shentu et al. 2010,
2012).

Materials and Methods
Materials

1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phosphocholine
(No 860399), cholesterol (source: ovine, No. 700000),
lathosterol (5a-cholest-7-en-36-o0l, No. 700069), 7-dehy-
drocholesterol (A5,7-cholesterol, No. 700066), cholestanol
(Sa-cholestan-36-o0l, No. 700064), 4B3-hydroxycholesterol

(cholest-5-ene-36,45-diol, No0.700036), S5ua,60-
epoxycholesterol (No.700032), and 7-ketocholesterol
(3B-hydroxy-5-cholestene-7-one, No.700015) were pur-
chased, in powder form, from Avanti Polar Lipids (Ala-
baster, AL). D,O was obtained from Cambridge Isotopes
with 99.8% purity. Milli Q water (18€2) was obtained from
a Millipore purification system available to users at neutron
facilities.

Preparation of Unilamellar Lipid Vesicles

The phospholipid and sterols were mixed at a fixed molar
ratio of 65:35 as dry powders. Sterol incorporation into
membranes is limited, however. While POPC membranes
can incorporate significant cholesterol (up to 61 mol%
(Garg et al. 2014)), sterols that vary in the number and loca-
tion of double bonds have been found to have lower limits
(~40 mol% (Sheng et al. 2012; Stevens et al. 2010)). On
the other hand, many oxysterols—and all those included in
this study—have been found to incorporate into phospho-
lipid membranes to at least ~ 50 mol% (Benesch and McElI-
haney 2016). Notwithstanding, there are oxysterols, like
25-hydroxycholesterol, that have very low solubility limits
too (~ 15 mol%) (Benesch and McElhaney 2016). Hence,
the choice of 65:35 for POPC:sterol was within the solu-
bility range for all sterols in this study. Finally, in addition
to being physiologically relevant, we found that in POPC,
there is no effect on the transfer kinetics of cholesterol in the
20-40 mol% range (Perez-Salas et al. 2021).

The dry powder mixture of POPC/sterol was then dis-
solved in chloroform to ensure their proper mixing. Chlo-
roform was removed by a flow of nitrogen followed by
vacuum overnight at 60 °C. These mixtures were hydrated
with solvents made of the appropriate ratio of D,O and H,O
that achieve the correct neutron contrast match point for
1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phosphocholine
(dPOPC)) (see SANS Contrast Matching section below).
These aqueous suspensions were extruded through polycar-
bonate filters to produce small unilamellar vesicles with a
diameter between 50 and 100 nm. As we reported recently,
we found the exchange rates of cholesterol in 50 nm and
100 nm in POPC membranes to be similar (Perez-Salas et al.
2021). The stability of the vesicles was verified from the sta-
bility of the small-angle neutron scattering (SANS) patterns
through the course of a few days during the experiments.
Cholesterol is not known to form cholesterol-enriched
domains in POPC while in the fluid phase up to its solubil-
ity limit of ~61% (Garg et al. 2014).

Small-Angle Scattering (SANS)

SANS measurements were performed on the NG3 30 m
SANS instruments at the National Institute of Standards
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and Technology Center for Neutron Research (NIST-CNR),
Gaithersburg, MD and on D22 at the Institut Laue Langevin
(ILL) in Grenoble, France.For the time-resolved kinetic
measurements (TR-SANS), a single instrument configura-
tion was used covering a Q-range of 0.003 < 0 <0.025 AL
Here, Q is the magnitude of the scattering vector given by
O =4 sin(0/2)/\, where 0 is the scattering angle and A is
the neutron wavelength. The wavelength used was 6 A and
the wavelength spread, AMA, was 30% at NIST and 10% at
the ILL producing a higher intensity allowing for short time
acquisition steps. Data were collected using a 2-D detector
and reduced using the reduction package GRASP (Dewhurst
and GRASP 2007). The reduced intensities were integrated
over the whole detector and analyzed as a normalized total
intensity as a function of time.

SANS Contrast Matching

One key aspect of these kinetic studies was to capture a
scattering signal that is only due to the sterols. To do this,
we rendered the phospholipids in the vesicles invisible by
having their scattering length density (SLD) be matched to
that of the solvent, a mixture of D,0 and H,O. Deuterium-
substituted hydrogen in the tails of the phospholipids or in
the water render these isotopes very different neutron scat-
tering cross sections than the fully hydrogenated species. For
example, H,0 has a SLD= —0.510-6 A2, while for D,0,
it is 6.33-6 A2 and mixtures of the two give a spectrum of
SLD values in between. The proper ratio required to match
the SLD of dPOPC is determined by measuring the SANS
intensity from these vesicles in varying mixtures of D,0 and
H,O. The intensity produced by non-interacting vesicles is
given by

1(Q) - Ibackground = V(SLDvesicle - SLDsolvent)ZP(Q)vesicle,
ey
where P(Q), e 15 the form factor of the vesicle, v is
the volume fraction of vesicles, and Iy, grouna COrTESponds
to the background signal. The contrast match point (point
at which the SLD difference between the vesicles and sol-
vent equals zero) is obtained by plotting the square root of
the low Q intensity versus the volume fraction of D,O (or
H,0). For dPOPC, the match point was found to be at a
volume fraction of 48.6% D,O (Garg et al. 2011). Therefore,
all experiments in this study were performed in 48.6% D,O.

Sterol Transfer Measurements

As described previously (Perez-Salas et al. 2021), sterol trans-
fer rates are obtained by preparing two vesicle populations,
the donor vesicles, consisting of dPOPC and the sterol, and
the acceptor vesicles, consisting of only dPOPC. Both donor
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and acceptor vesicle populations were prepared using the 48.6
volume % D,0 solvent to contrast match the phospholipids.
At t=0, donor and acceptor vesicle solutions were mixed, and
SANS intensity patterns are measured as a function of time. In
this case, the scattering spectra have two contributions: donor
and acceptor vesicles and given by

2
I(Q) - Iincoh = Vd(SLDd - SLDsolvent) P(Q)d

2 @)

+v,(SLD, = SLD yen;) P(Q),

This expression simplifies when we incorporate the fact

that the phospholipids are contrast matched and that initially

the sterols are in the donor vesicles (Perez-Salas et al. 2021;
Breidigan et al. 2017):

1Q.1) = B, (3
where f(Q) is the time-independent factor given by
A(Q) = v,ASLD*$2(0)P(Q), )

where ASLD = SLD...; — SLD, . branes P(Q) is the form
factor for the vesicles, v, is the volume fraction of donor vesi-
cles, and ¢,(0) is the concentration of the sterol in the donor
vesicles at t=0.

1(#) is the normalized total intensity and describes the sterol
compositional changes in both the donor and acceptor vesicles
as a result of the transfer of only the sterols and given by
- ) Vg
1) = 30 + —= (1= 04(0)

a

2
>

&)

where @, (t) = ¢,()/$,4(0) and v, is the volume fraction
of acceptor vesicles. Thus T = 1, which reflects that, ini-
tially, the acceptor vesicles are devoid of sterols. At — oo,
if v, = v,, then @, = 1/2 which in turn results in 7 = 1/2,
meaning an overall intensity drop by half at equilibrium.
Experimentally, each time point corresponds to a scattered
intensity corrected for solvent scattering (by subtracting the
scattering from pure solvent) and integrated over the Q-range
of 0.003<0<0.025 A~" and normalized according to the ini-
tial (r=0) state.

Obtaining Kinetic Sterol Transfer Rates

The time-dependent sterol compositional changes in donor and
acceptor vesicle populations are determined by the exchange
rate of sterols, k,,, through the solvent between vesicle pop-
ulations, and flip-flop rates, kf, of the movement of sterols
between inner and outer membrane leaflets and are described

by four coupled differential equations:

d(p(t)in7d

dt = —k (¢(t)in_d = @(Dout_a ) (62)
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dp(1),

Tu{ = kf((p([)inid - (p(t)out,d) - kex(p([)oulfd + kex(p([)out,a
(6b)

dp(Oout_a

Tt_ = kf((p(t)in_a - (p(t)cut_a) - kex(P(t)out_a + km(p(t)om_d
(6¢)

d(/’(t)in a

—a —k (@(Din_o = PO ou_a) (6d)

where the indices d and a refer to donor and acceptor
populations, and out and in refer to the inner and outer leaf-
lets. Here, 9 = @(0);, g + @(0)ou_q» and thus, from the solu-
tion of Egs. 6., the normalized total intensity (Eq. 5) can be
directly compared to the data to obtain the exchange and
flip-flop rates.

Equations 6 reflect the case where both populations are
of equal size (in concentration and the size of the vesicles)
as well as the assumption that the inner and outer leaflet
volumes are equal. If the donor and acceptor populations are
unequal, a slight modification to Eqs. 6. has to be made, as
shown by Perez-Salas et al. (2021), but where ultimately the
exchange rates can be recast to k,, for equal populations; this
then allows for rate comparisons between different popula-
tion ratios.

Results

As mentioned in the introduction, we were interested in sys-
tematically exploring the transfer characteristics of sterols
between and within membranes that differ from cholesterol
by the number of double bonds in the second steroid ring
(ring B, as shown in Fig. 1) as well as derivatives of choles-
terol obtained by oxidation, specifically, hydroxyl, epoxy,
and ketone side-group modifications in both the first and
second rings, A and B, as shown in Fig. 1. Figure 1 shows
the sterols included in this study.

As described in the Methods, with TR-SANS, we fol-
low the transfer of sterol molecules through the aqueous
environment from donor vesicles to acceptor vesicles by
measuring the intensity changes resulting from the changes
in sterol composition in the vesicles. Figure 2A shows the
time-dependent total normalized intensity curves resulting
from the transfer of sterols that have different number of
double bonds in the second (B) steroid ring: 7-dehydro-
cholesterol (two double bonds), cholesterol (one double
bond), lathosterol (one double bond), and cholestanol (no
double bonds). Total normalized intensity curves in the
figure were also captured for experiments done at differ-
ent temperatures. Figure 2B compares the intensity decay
curves for these four sterols at 60 °C. At this temperature,
we see that cholestanol, which has no double bonds in its
structure, exchanges slower than the sterols that have one

or two double bonds in the second steroid ring (B). Ster-
ols with one or two double bonds have, in contrast, similar
transfer characteristics at 60 °C, particularly their move-
ment between vesicles, which we describe as an exchange
process. Cholesterol stands out because it behaves simi-
lar to 7-dehydrocholesterol and lathosterol in the initial
exchange process; however, it clearly displays a slowdown
in the equilibrium process at later times. This, as we have
shown previously (Perez-Salas et al. 2021), is indicative of
a second slower process which we identified to be flip-flop,
the movement of the sterol across inner and outer leaflets
within a membrane. In contrast, 7-dehydrocholesterol and
lathosterol continue their fast homogenization, indicative of
faster flip-flop—relative to the exchange process. Kinetic
exchange rates (and flip-flop, if slower or comparable to the
exchange process) were obtained from fits to normalized
intensity curves, shown in Fig. 2A and B, using Eq. 5 and the
time-dependent sterol concentration in the outer and inner
leaflets of donor and acceptor populations as described by
Eqgs. 6. Figure 2C shows the kinetic exchange rates plotted
against their temperature dependence. In this plot, we can
observe that the exchange rates do follow a trend in which
the number of double bonds affects how fast the exchange
process occurs, following a sequence consistent with the
number of double bonds in ring B. That is, in the tempera-
ture range studied, cholestanol is the slowest followed by
cholesterol and lathosterol which have similar rates, and
finally, 7-hydrocholesterol which is the fastest. In this plot,
we are also able to capture trends in the activation energy for
the exchange process (which follow or assume to follow an
Arrhenius behavior). We find that for 7-dehydrocholesterol
with two double bonds in ring B, the activation energy is
slightly lower compared to the activation energy of choles-
terol, cholestanol, and lathosterol. Because the latter sterols
were measured for only two temperatures, they provide a
trend (assuming an Arrhenius behavior) rather than a suit-
able quantitative comparison. Nonetheless, it can certainly
be discerned from these data that as the number of double
bonds increases in ring B the exchange rates become faster.
Further, there is a lower activation energy for the exchange
process for sterols that have two double bonds in ring B
compared to one or none.

Being able to detect flip-flop is directly connected to the
exchange rate: if the flip-flop rate is faster than the exchange
process (by more than a factor~1.5 (Perez-Salas et al.
2021)), then it is not possible to discern the flip-flop process
with TR-SANS. As shown in Fig. 2A and B, we found that
for cholestanol, lathosterol, and 7-dehydrocholesterol, the
flipping rates are faster than the exchange rates, in contrast
to cholesterol where the flipping rates are slower than the
exchange rates.

In addition to double bonds in the steroid ring B, we
studied changes in the transfer rates due to side-group
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Fig.2 A Normalized intensity as a function of time for two or three
temperatures, with corresponding fits using Eqs. 5 and 6, showing
the temperature dependence of transport kinetics in ~100 nm dPOPC
vesicles. B Comparison of the normalized total intensity at 60 °C
between sterols varying in the number of double bonds in the steroid
ring B (see Fig. 1). C Arrhenius fits for exchange rates for the ster-
ols shown in (A). Error bars for the rates correspond to the S.E. to

modifications belonging to oxysterols. Figure 3A shows
the normalized total intensity for sterols with a side-group
modification in either ring A: 4p-hydroxy or ring B: a-epoxy
and 7-keto at several temperatures. Figure 3B compares the
normalized total intensity for these sterols and in contrast
to cholesterol at 40 °C (7-keto at 37 °C) showing that the
transfer of these sterols through the aqueous medium is
significantly faster than cholesterol. Fits with Egs. 5 and 6
found that the flip-flop rates were inaccessible in these TR-
SANS measurements, indicating that this process is faster
than the exchange rate, in contrast to cholesterol, where such
distinction can be made. Differences between the sterols are
highlighted in Fig. 3C, where the rates obtained through
fits using Eqs. 5 and 6 are plotted against temperature.
Comparing the exchange rates of these oxysterols we find
that, sequentially, 4p-hydroxy has the slowest rates, while
7-keto has the fastest, with a-epoxy in between. Therefore,
from these data, one can conclude that oxysterols with a
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35 36 37 38 39 40
1/RT [x107*J mol™!]

fits using Eqs. 5 and 6. Error bars are smaller than the symbols used.
Error bars to the activation energy correspond to the S.E. to linear fits
to the rates as a function of temperature. In the case of cholestanol
and lathosterol, having only two points, a manual estimate of the acti-
vation energy error was done using the corresponding error in the
rates. All fits to the data were weighted for their uncertainty

side-modification in ring B produce faster exchange rates
than side-group modifications in ring A.

The energetics of the exchange rates can be extracted
from the Arrhenius behavior of the rates with temperature
as shown in Fig. 3C. Interestingly, the activation energy for
exchange follows a clear trend showing a consistent decrease
in the activation energy starting with the highest activation
energy for cholesterol (91.4 +13.2 kJ/mol) to 4p-hydroxy
(69.0+ 13 kJ/mol) to a-epoxy (65.5 + 15 kJ/mol) to 7-keto
(53.8 + 1.6 kJ/mol) which has the lowest energy of activation
of the sterols studied.

An important check during the in situ measurement of
the exchange of sterols between vesicles is to verify that
their shape and size remain constant over the duration of
the experiment. Figure 4 shows the scattering curves for the
transfer of 7-keto cholesterol between vesicles at 37 °C. A
fit of the scattering data at =0 provides the vesicles size,
composition, and vesicle concentration of the donor vesicles
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Fig.3 A Normalized intensity as a function of time for three tem-
peratures, with corresponding fits, showing the temperature depend-
ence of transport kinetics in ~100 nm dPOPC vesicles for oxysterols
4B-hydroxy, a-epoxy, and 7-keto (see Fig. 1). B Comparison of the
normalized total intensity at 40 °C between cholesterol and oxysterols
with side-modifications in ring A (4p-hydroxy) and ring B (a-epoxy
and 7-keto); plot on the right shows a comparison for the change in
normalized intensity for oxysterols only during the initial exchange

(Eq. 4), which also serves as a check of the known vesi-
cle preparation conditions. As described in Eq. 3, the time
evolution of the scattering curves is obtained using the pre-
factor 7(t) which, in Fig. 4, is shown to be consistent with
the data.

Known characteristics of these sterols can shed light into
their ability to desorb from membranes, a process we have
referred to as exchange. Parameters like Log P, where P is
the compound’s partitioning coefficient between n-octanol
and water, and Log S, where S is the solubility of a com-
pound in water, have been widely used to correlate solute
partitioning phenomena and absorption (Savjani et al. 2012).
Structure parameters, like the topological polar surface area
(TPSA), which is related to the accessibility of a molecule
to aqueous solvents through its polar groups, have been
useful in computational modeling to reveal relationships
between structural properties of chemical compounds and

process highlighting the differences between a-epoxy and 7-keto and
these compared to 4f3-hydroxy. C Arrhenius fits for the exchange rates
found the sterols shown in (A) and cholesterol, (shown in Fig. 2C).
Error bars for the rates correspond to the S.E. to fits using Egs. 5 and
6. Error bars to the activation energy correspond to the S.E. to linear
fits to the rates as a function of temperature. Error bars of the rates
are smaller than the symbols used. All fits to the data were weighted
for their uncertainty

their pharmacological or biological activity (Prasanna and
Doerksen 2009). Figure S1 and S2 in the supplementary
information shows the exchange rates at 50 °C (S1), as well
as the activation energy (S2), against Log P, Log S, and
TPSA for all sterols studied shown in Fig. 1. In these fig-
ures, 4B-hydroxy was found to be somewhat inconsistent
with the trends displayed by the other sterols, particularly
against Log P and TPSA. In order to understand this discrep-
ancy, we plotted Log P versus Log S, which should display
a linear relation as shown by Miller et al. (and other authors
referenced therein) (Miller et al. 1985). Indeed, all sterols,
except 4B-hydroxy, follow this free energy-derived linear
relation (see figure S3) and therefore was excluded from
the following analysis. Figure 5 shows the exchange rates at
50 °C against LogP, LogS and TPSA. In all the plots, we see
that the rates increase as the partitioning to water increases,
or the solubility into water increases or the accessible polar
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Fig.4 Select scattering intensity curves versus the momentum trans-
fer Q corresponding to the transfer of 7-keto between vesicles at
37 °C. The t=0 line corresponds to scattering from only donor ves-
icles. The lines through the data correspond to the evolution of the
t=0 form factor according to the normalized intensity I(f) shown in
Fig. 3 and expressed in Eq. 3. The scattering curves between 12 and
29 min are nearly identical because the transfer of 7-keto has reached
equilibrium. The =0 fit (using the vesicle form factor in SASview
(Doucet et al. 2021)) corresponds to vesicles having a 60 nm diam-
eter, a bilayer thickness of 4 nm, a sterol concentration of 35 mol% in
the vesicle membrane, and an overall lipid concentration of 10 mg/ml

area increases. The manner in which this happens for Log
P and Log S, however, is marked by two regimes: one of
slow rates (with less partitioning into water and less water
solubility) and one of fast rates (having more partitioning
into water and being more soluble in water) which coincides
as well with the two distinct types of modification in the
current study as described in Fig. 1. The regimes do display

continuity albeit the sharp change in the rates behavior with
either Log P or Log S as shown in Fig. 5A and B. In contrast,
as shown in Fig. 5C, these rates plotted against the struc-
tural parameter TRSA behave linearly. However, the lack of
structural differences (as given by TPSA) for sterols having
slow rates—i.e., all collapsing into one value of TPSA—
shows that this parameter has less sensitivity for differences
between the exchange rates of these sterols. Figure 6 shows
a consistent linear behavior for the activation energy when
plotted against Log P, Log S, and TPSA. In these plots,
cholestanol and lathosterol were excluded because the ener-
getics obtained were based on only 2 points. As with the
rates, we observe a lowering of the activation energy with
an increase in water partitioning, as well as increased water
solubility or increased access to the polar environment at the
headgroup/solvent interface.

Because in these comparisons 43-hydroxy was excluded,
we searched for a new parameter that would allow us to
revisit this sterol. Atkovska et al. (2018) found that the
partition coefficient, Log P, measured between water and
n-octanol is in fact different from a partition coefficient
obtained between water and a lipid environment. Indeed,
membrane desorption rates require overcoming the free
energy of membrane/water partitioning. Finer modulations
to this free energy depend on a combination of determi-
nants, including configurational flexibility (tilt and tilt dis-
tribution) and specific steroid — lipid interactions (such as
its position along the membrane normal), in addition to the
overall hydrophobicity of the molecule as given by Log P.
The tilt and tilt distribution of sterols in membranes, char-
acterized by the tilt modulus, has been identified as impor-
tant to characterize other membrane characteristics as well,
such as the bending rigidity of membranes, or as a useful
tool to characterize the condensing effect of sterols on phos-
pholipids (Khelashvili and Harries 2013a, 2013b). Figure 7
compares the tilt modulus for cholesterol, 43-hydroxy, and
7-keto in POPC membranes obtained at 37 °C by Kulig et al.
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Fig.5 Exchange rates at 50 °C (Figs. 2, 3) as a function of LogP (A),
LogS (B), and topological polar surface area (TPSA) (C). Dashed
lines are linear fits but are meant to serve as visual guides only.

@ Springer

The rates for cholestanol, lathosterol, and 7-dehydro at 50 °C were
obtained from the activation energy fits
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Fig.6 Activation energies (Figs. 2C, 3C) as a function of LogP (A),
LogS (B), and topological polar surface area (TPSA) (C). Because
the energetics of cholestanol and lathosterol were obtained with only
2 points they were not included in these plots. Error bars are S.E.

to linear fits to the rates as a function of temperature, as shown in
Figs. 2C and 3C. Dashed lines are linear fits but are meant to serve as
visual guides only
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Fig.7 Rates at 37 °C (A) and activation energy (B) as a function of the tilt modulus. The dash line is a visual aid only. The values of the tilt

modulus are taken from Kulig et al. (2015)

(2015) to membrane desorption rates at 37 °C and activa-
tion energies obtained using TR-SANS for these sterols.
Figure 7 also shows an estimated value for the tilt modulus
for 7-dehydrocholesterol in POPC by comparing the relative
behavior of the tilt modulus between cholesterol and 7-dehy-
drocholosterol in DMPC membranes (at 35 °C) obtained by
Khelashvili et al. (2011) and extrapolating to the behavior of
cholesterol in POPC membranes at 37 °C (Kulig et al. 2015).
The larger values of the tilt modulus correspond to sterol
requiring more (tilt) energy to move away from their pre-
ferred tilt configuration, while lower values of the tilt modu-
lus correspond to sterols energetically able to span larger
angular ranges. As shown in Fig. 7, we find that there is a
clear correlation between the tilt modulus and the rates—
they increase, near-linearly, with decreasing tilt modulus.
And, in contrast to Fig. 5A and B, the data appear to behave
in a manner consistent with a single behavior, rather than
having two regimes. As was the case in Fig. 6, the energetics

appears to show a linear increasing trend against increasing
tilt modulus. Figure 7, which now includes 43-hydroxy, sug-
gests that indeed the tilt modulus is a good predictor to the
energetics and rates of desorption and that the free energy of
membrane/water partitioning is more reliable for lipid/water
mixtures. Here, we just highlight that one way to obtain this
free energy is through the potential of mean force (PMF)
or experimentally using isothermal titration calorimetry
(Samelo et al. 2017), for example.

Discussion

Due to the low solubility of lipids in an aqueous envi-
ronment, the view is that no significant lipid transport of
biological impact can proceed between membranes. As a
result, cells utilize transporters to do this work. The trans-
port properties of lipids through an aqueous medium,
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however, vary significantly, and therefore, their depend-
ence on transporters to move between membranes must
vary too. Atkovska et al. (2018), using MD simulations,
found large variations in the exiting rates of steroid mol-
ecules from membranes, from 107 to 10* s (~9 orders
of magnitude) depending on the sterol’s structure. When
the steroids had a long cholesterol-like hydrophobic tail
at C17 of the steroid core, the exit rates from the mem-
brane were the slowest, varying between ~6x 107 and
6x 10~ min~! (at 27 °C). However, these two orders of
magnitude difference are significant, covering half-times
of many hours to a few minutes. At 37 °C, we found that
for sterols having no double bonds (cholestanol), or having
one double bond, at either position C5-C6 (cholesterol) or
at position C7—C8 (lathosterol), the exchange half-times
were ~ 10 h, while with two double bonds, one at position
C5-C6 and the other at C7-C8 (7-dehydrocholesterol), the
exchange half-time decreased to 4 h. Structurally, 7-dehy-
drocholesterol’s steroid core has a clear twist due to the
two double bonds, and therefore lose the consistent flat
configuration of the steroid core found in cholestanol,
cholesterol, and lathosterol. Even though these sterols
exchange slowly between membranes, they are about ~20
times faster than what we have found for long tail phos-
pholipids, like POPC (Perez-Salas et al. 2021). Oxidized
modifications produce even faster half-times; a side-group
modification in ring A (4p-hydroxy) produced a half-time
of ~ 1 h, while side-group oxygen modifications in ring
B (a-epoxy and 7-keto) give half-times in minutes: 20
and 7 min, respectively. For these sterols, the steroid core
remains flat, having one (4p-hydroxy and 7-keto) or no
double bonds (a-epoxy); however, the oxidized modifica-
tions produce a tendency to change the tilt away from the
membrane normal and move them closer to the headgroup
region of the membrane (Kulig et al. 2015; Massey and
Pownall 2005). Further, these oxidized sterols have a lower
tilt modulus compared to those just varying in number of
double bonds, as shown in Fig. 7, giving the sterols more
freedom within the membrane. Structurally, 4p-hydroxy
not only becomes more hydrophilic with the addition of
an OH group in ring A and therefore more proximal to the
headgroup region, but its location at C4 suggests that it
facilitates a slight tilt change away from the normal (Kulig
et al. 2015). An oxygen modification on ring B on either
the smooth face (a-epoxy) or rough face (7-keto) of the
steroid core also suggests that it facilitates a tilt shift away
from the membrane normal and a tendency for this oxygen
to approach the headgroup region of the membrane (Mas-
sey and Pownall 2005).

An important additional characteristic studied when
investigating sterols is their effect on membrane order and
the formation of lipid rafts (Brown and London 1998a,
1998b). Thermotropic studies of lipids using calorimetry
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(Mabrey and Sturtevant 1976) as well as fluorescence studies
that probe membrane order (Demchenko et al. 2009) are very
sensitive and common approaches to investigate the effect of
sterols in membranes. Broadly, we found that when compar-
ing the sterols’ membrane exchange rates to their ability to
promote a liquid order phase one finds some overlap. For
example, cholestanol and cholesterol have similar thermo-
tropic behavior when mixed with saturated phospholipids,
though at high sterol concentration, only cholesterol is able
to form a liquid order phase throughout the membrane—and
therefore, completely suppress phospholipid melting (Ben-
esch et al. 2011a). Lathosterol and 7-dehydrocholesterol, on
the other hand, have similar thermotropic signatures (Ben-
esch et al. 2011b, 2015), but these are different from those
of cholesterol (and cholestanol). With these sterols, phos-
pholipid melting shifts to a lower temperature suggesting
they promote phospholipid tail disorder, though there is a
liquid-ordered-like phase formed. Membrane order fluores-
cent probes support this effect as lipid condensing effects in
fluid membranes are detected with lathosterol and 7-dehy-
drocholesterol (Megha and Bakht 2006). Thus, the ability of
these late intermediates of cholesterol’s biosynthetic path-
way to form a liquid-ordered-like phase, or to participate in
phospholipid condensation, coincides with a relatively slow
exchange signature and high activation energies.

The presence of hydroxy, keto, or epoxy groups on the
steroid ring system (A or B steroid rings in this case) reduces
the temperature and cooperativity in the melting transition
of saturated phospholipids as well, indicating that their pres-
ence thermally destabilizes order in the membrane which is
similar to that observed for lathosterol and 7-dehydrocholes-
terol, but having more pronounced disordering effects (Ben-
esch and McElhaney 2016). Membrane order fluorescent
probes support this effect as well, where, for example, 7-keto
is found to maintain liquid-ordered domains though not as
tightly packed as those formed with cholesterol (Wang and
Megha 2004) or directly on cells where the oxysterols (such
as 7-keto) produced, consistently though in varying degrees,
less order in membranes compared to cholesterol (Shentu
et al. 2010, 2012). The increased disruption of membrane
order is consistent with a highly mobile environment for the
sterols, and this is consistent with higher rates of membrane
desorption and a lower activation energy.

Conclusion

Lipids can a diffuse through the aqueous environment, but
the relative ease with which this happens can vary by sev-
eral orders of magnitude; at physiological temperatures, this
can take many hours or a few minutes depending on their
structural and behavioral characteristics in membranes. As a
result, how these molecules are transported between different
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membrane compartments in cells can vary significantly too.
Hence, the transport of lipids between membranes is likely
achieved by not only transporters and vesicles but may also
be transported by passive diffusion.

Here, we found that double bonds on the steroid core
corresponding to late precursors of cholesterol’s synthe-
sis pathways behave similarly to cholesterol not only in
their properties to still promote membrane order but, as we
reported here, also have a relatively small effect in their
transport signatures between membranes compared to cho-
lesterol. Notwithstanding, the signatures, though similar,
follow the number of double bonds in ring B: none being
the slowest and two being the fastest. Similarly, the activa-
tion energies for membrane desorption were found to be
the same within error bars (~90 + 20 kJ/mol). Oxyster-
ols, found to be clear disruptors of membrane order (Ayee
and Levitan 2021; Shentu et al. 2010, 2012), were found
to move significantly faster between membranes and the
activation energy followed a sequential behavior, where
faster desorption rates also corresponded to lower activa-
tion energies. Both the rates and energetics correlated with
the partitioning coefficient (Log P) and solubility (Log S)
except for 43-hydroxy. Interestingly, we found that the tilt
modulus, which reflects the sterol’s preferred tilt and the
tilt’s distribution, was highly correlated with the desorp-
tion rates and energetic characteristics of these sterols,
including 4B-hydroxy. Hence, we found that the tilt modu-
lus is a better predictor of how fast sterols desorb from
membranes and thus exchange with other membranes.
In the case of oxysterols, the tilt modulus reflects a most
probable tilt angle that is further away from the mem-
brane normal than cholesterol's (or sterols having different
degrees of saturation in ring B) and also having a high
degree of angular mobility (a broad angular distribution)
within the membrane, which is clearly facilitating their
exit into the aqueous environment. Oxysterols are typi-
cally stored in oxidized low density lipoprotein (oxy-LDL)
particles which, when endocytosed by cells, produce both
cell stiffening and membrane disorder (Ayee and Levitan
2021; Shentu et al. 2010, 2012). However, as we show
here, oxysterols can move with relative ease through the
aqueous environment and therefore may affect the cell’s
plasma membrane even prior to being internalized. Hence,
connecting this type of fast but passive transport behavior
to the larger network of transporters of sterols (Shentu
et al. 2010) could be an important contribution to under-
standing membrane physiology under oxidative conditions
(Dittman and Menon 2017).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00232-022-00231-3.
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