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Abstract

Background: The transbilayer sterol distribution between both plasma membrane (PM) leaflets has long been
debated. Recent studies in mammalian cells and in yeast show that the majority of sterol resides in the inner PM
leaflet. Since sterol flip-flop in model membranes is rapid and energy-independent, a mechanistic understanding for
net enrichment of sterol in one leaflet is lacking. Import of ergosterol in yeast can take place via the ABC transporters
Aus1/Pdr11 under anaerobic growth conditions, eventually followed by rapid non-vesicular sterol transport to the
endoplasmic reticulum (ER). Little is known about how these transport steps are dynamically coordinated.

Methods: Here, a kinetic steady state model is presented which considers sterol import via Aus1/Pdr11, sterol flip-flop
across the PM, bi-molecular complex formation and intracellular sterol release followed by eventual transport to and
esterification of sterol in the ER. The steady state flux is calculated, and a thermodynamic analysis of feasibility is
presented.

Results: It is shown that the steady state sterol flux across the PM can be entirely controlled by irreversible sterol
import via Aus1/Pdr11. The transbilayer sterol flux at steady state is a non-linear function of the chemical potential
difference of sterol between both leaflets. Non-vesicular release of sterol on the cytoplasmic side of the PM lowers the
attainable sterol enrichment in the inner leaflet. Including complex formation of sterol with phospholipids or
proteins can explain several puzzling experimental observations; 1) rapid sterol flip-flop across the PM despite
net sterol enrichment in one leaflet, 2) a pronounced steady state sterol gradient between PM and ER despite
fast non-vesicular sterol exchange between both compartments and 3) a non-linear dependence of ER sterol
on ergosterol abundance in the PM.

Conclusions: A steady state model is presented that can account for the observed sterol asymmetry in the
yeast PM, the strong sterol gradient between PM and ER and threshold-like expansion of ER sterol for
increasing sterol influx into the PM. The model also provides new insight into selective uptake of cholesterol
and its homeostasis in mammalian cells, and it provides testable predictions for future experiments.
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Background

Cells require sterols for growth and acquire these mole-
cules from the extracellular medium or by de novo syn-
thesis. Sterol transport in the bloodstream and uptake by
cells is achieved with the participation of low density lipo-
protein (LDL) receptors. While much information has
been gathered about these processes, transport of sterols
within cells is poorly understood [1-3]. Mammalian cells
internalize cholesterol either by receptor mediated
endocytosis of LDL or by selective sterol uptake pro-
cesses. Selective sterol influx into the plasma mem-
brane (PM) from circulating high density lipoprotein
(HDL) is mediated by scavenger receptor BI (SR-BI)
in the liver and gonads. Sterol import into the yeast
PM takes place under anaerobic conditions and is
mediated by ATP-dependent transport via the ABC
transporters Ausl and Pdrll and potentially other
transporters. In both, mammalian and yeast cells,
intracellular sterol transport includes a non-vesicular
pathway. In non-vesicular transport, sterol molecules
are extracted from the cytoplasmic face of a ‘donor’
membrane by a carrier protein and off-loaded at the
‘acceptor’ compartment [4, 5]. Since sterols are very
hydrophobic molecules, the thermodynamic sterol
partition into the aqueous cytoplasm will be very low
(on the order of 1-5-10° in favor of the membrane)
[6]. Due to its hydrophobicity and membrane con-
densing capacity, the activation energy for cholesterol
to leave a lipid bilayer, E5, is very high (Ex =75k]/
mol, that is 30fold k,-T) [6, 7]. Release rate constants
have been directly measured from liposomes for dehy-
droergosterol (DHE), a fluorescent sterol differing
from the natural yeast sterol ergosterol only by hav-
ing one additional double bond [6]. The values were
in the range of k ~1.107%s™ ' for POPC (t;, = 11.6
min) over 6.4-10"*s™! (t;» = 18.1 min) for a 1:1 mix-
ture of POPC-cholesterol to 5107 °s™ ' (t;,» = 3.85h)
for liposomes made of sphingomyelin-cholesterol, re-
spectively [6]. Thus, sterol desorption depends on the
bilayer lipid composition and is rate-limiting for over-
all passive sterol exchange between membranes [5, 8].
In contrast, transport of ergosterol between PM and
ER in intact living yeast cells takes place with a half
time of t;;, =4-10min [9]. Thus, cells must have
efficient mechanisms to speed up sterol exit from a
bilayer for efficient non-vesicular sterol transport be-
tween organelle membranes. One possibility to guar-
antee intracellular non-vesicular sterol transport
despite the low water solubility of sterols is the ex-
pression of sterol transport proteins (STPs) which
lower E, for sterol release from a membrane [5, 8].
Such STPs can be soluble cytoplasmic proteins which
lower the free energy cost of sterol solvation by ac-
commodating the released sterol in a hydrophobic
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binding pocket. They can also be membrane proteins,
containing two structural motifs, which anchor them
simultaneously in the PM and in the ER, thereby cre-
ating close membrane contact sites (MCS) that may
enhance the efficiency of STPs by confining them to
a narrow space (Fig. 1) [10, 11]. The yeast S. cerevisiae
contains ergosterol as main sterol, and many homologs to
mammalian STPs have been discovered in this well-estab-
lished model organism [12]. Recently discovered STPs
include the oxysterol binding protein (OSBP) family,
StART-like StARD4, Aster and GRAM proteins in
mammalian cells as well as the related OSBP homo-
logs (Osh) proteins and Lam proteins in yeast. These
proteins have been implicated in non-vesicular sterol
transport to the endoplasmic reticulum (ER), endo-
somes and to lipid droplets (LDs). Thus, allocation of
sterol to the inner PM leaflet after selective uptake is
necessary for its subsequent non-vesicular transport
to various intracellular sites.

Rapid non-vesicular sterol transport between mem-
branes raises the question, how cells can maintain
strong sterol gradients between organelles at steady
state [8, 10, 13]. It must mean that certain mechanisms
ensure equal chemical potential of cholesterol in different
cellular membranes despite varying concentrations. This,
in turn, invokes membrane dependent activity coeffi-
cients due to specific interactions of sterols with other
membrane components [8, 10, 13, 14]. Several observa-
tions made on regulation of cholesterol uptake and
metabolism in mammalian cells can be rationalized with
a model assuming two pool of cholesterol in the PM;
active cholesterol is able to move freely between mem-
branes by non-vesicular transport, while a second chol-
esterol pool forms stoichiometric complexes with other
membrane components, such as phospho- and sphingo-
lipids bearing saturated acyl chains [14-16]. In this
model, cholesterol abundance in the PM sets a thresh-
old for a sudden increase of active cholesterol once the
capacity of the PM to form stoichiometric complexes is
exceeded. Above this threshold, rapid flux of active
cholesterol from the PM to the ER takes place within
10-15 min until cholesterol’s chemical potential in both
membranes is equal again [10]. The sudden expansion of
the sterol pool in the ER triggers feedback responses like
activation of cholesterol esterification by acyl-Coenzyme
A acyl transferase (ACAT) and shutdown of cholesterol
synthesis via inhibition of the SCAP/INSIG/SREBP tran-
scription factor complex [17-19]. This model has been
also invoked to explain the strong ergosterol gradient be-
tween PM and ER in yeast despite continuous rapid non-
vesicular sterol equilibration taking place in ca. 10 min [9,
20, 21]. It is not known how eventual sterol complex for-
mation is kinetically regulated during sterol uptake and
flip-flop in the PM, and no attempt has been made, so far,
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Fig. 1 Sterol import into yeast under anaerobic growth conditions. The two ABC transporters, Aus1 and Pdr11 import sterol (brown ellipses) into
the plasma membrane (PM; a). Once in the PM, sterol can reach the endoplasmic reticulum (ER) via non-vesicular transport (red arrows) bound to
sterol transfer proteins through the cytosol or at membrane contact sites (MCS). In the ER, sterol can be esterified by Are1/2 and stored in lipid
droplets (LD). b Transport steps considered in the model in Eq. 1; sterol import by Aus1/Pdr11 with rate v;, sterol flip-flop with rate v, and non-
vesicular sterol transport with rate vs. ¢ sterol in the PM visualized using dehydroergosterol (DHE) showing that most sterol resides in the inner

compared to the outer PM leaflet

to incorporate sterol complex formation in a steady state
model of cellular sterol transport.

Sterol transport in yeast can be conveniently stud-
ied using live-cell imaging of the fluorescent DHE
(Fig. 1c). DHE is a natural yeast sterol with compar-
able biophysical properties as ergosterol and choles-
terol in model and cell membranes [22, 23]. DHE is
like ergosterol taken up by yeast under anaerobic
growth conditions, and its import into the yeast PM
depends strictly on Ausl/Pdrll [21, 24, 25]. In cells,
lacking functional Ausl/Pdrll, DHE is not inserted
into the PM but gets stuck in the cell wall from
where it can be extracted using organic solvents [24].
Thus, these ABC transporters are necessary for insertion
of sterol from the cell wall into the PM (see Fig. 1a, b).
After shifting to aerobic conditions, DHE is internalized
and partly esterified by sterol acyltransferases Arel and 2
and deposited in lipid droplets (LD; Fig. 1a), exactly as er-
gosterol in wild-type cells [26, 27]. This can be quantified
in kinetic imaging experiments relative to known organ-
elle markers [27, 28]. Transport-coupled esterification of
DHE is monitored in parallel [29, 30]. Recently, we

developed an assay for measuring the sterol transbilayer
distribution in the PM of living yeast cells [31]. We used
sterol-auxotroph vyeast cells lacking Heml (Aheml
cells), which makes them unable to use oxygen in er-
gosterol synthesis such that they can use DHE as only
sterol source for growth and survival [27, 31]. In
Aheml cells, ergosterol synthesis is eliminated and
most DHE stays in the PM (Fig. 1c and [4, 31]). This
allows for quantification of the transbilayer distribu-
tion of DHE in the PM using side-specific quenchers,
which showed that up to 80% of DHE in the PM
resides in its inner leaflet [31]. This asymmetric sterol
distribution did not depend on metabolic energy,
subcortical actin or a PM proton gradient. Sterol
asymmetry across the PM required long-chain sphin-
golipids in the PM and was strongly reduced in cells
lacking Drs2, a P-type ATPase transporting phosphati-
dylserine (PS) to the cytoplasmic leaflet of the PM
and Golgi apparatus [31]. Since DHE and other ste-
rols rapidly traverse model lipid membranes [32, 33],
it is not clear how such a strong transbilayer sterol
gradient can be established and maintained in the PM
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of living cells. Similarly, exactly how cellular sterol
import, sterol distribution between the two PM leaf-
lets and non-vesicular intracellular sterol transport is
coordinated, is not known.

Here, we have developed a mathematical steady
state model for sterol import, sterol flip-flop across
the yeast PM and cytoplasmic non-vesicular sterol
transport. We derive analytical expressions, investi-
gate their implications and suggest how they can be
used for making concrete predictions in future
experiments.

This paper is organized as follows; first, we introduce
an irreversible model of sterol import with one sterol
pool in each leaflet. We analyze the thermodynamics of
the steady state flux for this model afterwards. Second,
we extend this model by assuming reversible sterol im-
port. Subsequently, a 2-pool model is introduced which
accounts for sterol complex formation in the PM. This
model is first discussed in a linearized version to develop
key principles including sterol transport between PM
and ER as well as sterol esterification in the ER. Next,
this model is extended to account for biomolecular stoi-
chiometric complex formation of sterol in the PM and
ER, and the implications of this extension on sterol
transport are discussed. Finally, results and predictions of
our model are summarized and their implications for fu-
ture experimental studies are discussed. Although devel-
oped for ergosterol transport in yeast, the model bears
important implications for trafficking of cholesterol in
mammalian cells. Accordingly, we refer also to cholesterol
homeostasis in mammalian, wherever appropriate.

Methods

All calculations were carried out manually or with
help of the Mathematica software (Wolfram Research
Oxfordshire, UK). Analytical solutions were used for
simulations using SigmaPlot (Systat Inc., Erkrath,
Germany), which was also used for generating
figures.

Results

Model of sterol transport in yeast with one sterol pool in

each PM leaflet

Irreversible sterol import via Aus1/Pdr11 - steady state and
control analysis

As a starting point for our discussion, we consider a
simple model of sterol import in Aheml cells due to
active transport by Ausl/Pdrll with rate v, sterol
flip-flop with rate v, and sterol release from the
inner PM leaflet to the ER with rate v;, where sterol
is esterified (see Fig. 1b). Yeast cells are surrounded by
a cell wall containing highly hydrated carbohydrates across
which sterols cannot diffuse passively. Instead, sterol im-
port requires the ABC transporters Ausl/Pdrll, which
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mediate transport across the cell wall and likely direct
sterol insertion into the PM outer leaflet [25, 4]. We as-
sume that any sterol released from the PM is transported
to the ER, where it is esterified by Arel and Are 2 and
stored as esters in LDs (Fig. 1a). This esterification process
replenished by non-vesicular sterol release removes sterols
from the PM and acts as permanent sink in our model.
However, in this first modeling step, only the steady state
flux across the PM is considered, while sterol arrival in the
ER and sterol esterification are not explicitly taken into ac-
count, yet. These processes only enter the model at this
stage via their effect on removing sterol released on the
inner PM leaflet into the cytosol. This sterol removal is
described by rate v;. Previous modeling work has shown
that non-vesicular sterol transport by STPs is likely not
limited by intracellular diffusion of sterol-protein com-
plexes but rather by sterol pick up from the bilayer, at
least in a physiologically relevant concentration range in
small cells, like yeast [5]. Thus, concentration gradients of
sterol-STP complexes in the cytoplasm can be ignored
allowing for a simple ansatz using ordinary differential
equations (ODEs) in our model. We have also not expli-
citly accounted for any volume effects to avoid extensive
need for parametrization of our model. Accordingly,
substance amounts and concentrations are often used
synonymously. We have focused on the key features of
coupled sterol import, transbilayer migration and cytosolic
sterol release, allowing for a simple steady state descrip-
tion of the transport process. Being aware of possible non-
ideal mixing of membrane sterols with phospholipids giv-
ing rise to membrane dependent activity coefficient of ste-
rols, we nevertheless start out with a simple description
using ideal solution theory. This is to obtain first insight
into the underlying kinetic principles and steady state
properties. Non-ideal behavior via sterol-phospholipid
complexes is considered subsequently by extending the
simpler kinetic model. Finally, we employ first-order kin-
etics by assuming that cytoplasmic STPs are not con-
sumed in the sterol transfer reaction (i.e., ks = k3*[STP],
where the concentration of STPs, [STP] = constant). The
extracellular sterol concentration, ie. sterol in the
medium, Sy, is kept constant (clamped). This is realized in
experiments by providing an excess supply of a tracer
sterol (e.g. DHE) in Tween and oleic acid for 24-48 h, dur-
ing which a steady state of sterol flux across the PM is
established [31]. Alternatively, low amounts of sterol could
be steadily supplied in a microfluidic device, thereby en-
suring constant DHE levels in the medium. This model
corresponds to the following kinetic scheme:

So58; 58, > (1)

The corresponding differential equations for sterol in
the outer PM leaflet (S;) and the inner PM leaflet (S,) read
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with rates V= k1 . S(), Vo = k2 . Sl - k,z . SZ and V3 = k3 . Sg,
respectively:

as

=1 =V1—Vy = /(1 . S()—kz '51 + k_z '52

ddstz (2a,b)
E = Vy—V3 = /(2 . Sl—(k_z -+ /(3) . Sz

The system (or Jacobian) matrix for the equations
in (2a, b) contains the rate constants and has deter-
minant |A| =k, k3 >0, indicating that we have a
non-trivial steady state. As it is a linear system with
negative real eigenvalues of A, this steady state is a
stable fix point. The steady state amount of sterol in
the outer and inner leaflet of the PM can be deter-
mined from Eq. 2a, b using Cramer’s rule to:

S_lzwzkl.so.(k72+k3)
|A|( /)<2 k3
v (koo + ks
= X, ks (3a)
— |As| ki-ky-So ki-So wn
VY ko - k3 k3 k3 (3b)

Thus, the sterol amount in the inner leaflet at
steady state is completely independent of the flip-
flop rates, but solely determined by sterol insertion
into and sterol release from the PM in this model.
Using these expressions in (2a, b), we can find the
steady state flux as:

=ky Si-ka Sy =m0

B=ks Sy =n (4a,b)

Thus, the steady state flux through the PM is entirely
determined by the influx via the ABC transporters
Ausl1/Prd11 in this model. In other words, the details of
the sterol flip-flop mechanism do not impact the steady
state flux of sterol from the medium into the cell. They
do affect the kinetics of sterol import, though.

Based on these results, lets define the influx more
properly. A reasonable assumption is that of an irrevers-
ible Michaelis-Menten-type kinetics, similar to glucose
import by the GLUT transport system [34]:

So+E' S ESy 8, +E (5)

Here, E is the amount of Aus1/Pdrll, acting as an en-
zyme for sterol import; m; and m_, are the association
and dissociation rate constants for sterol in the medium
(So) and Ausl/Pdrll at the outer side of the cell, re-
spectively. The catalyzed insertion of sterol into the
outer leaflet is modeled with rate constant m1,. This leads
with the classical quasi-steady state assumption for the
ESy complex to the well-known hyperbolic Michaelis-
Menten type law for sterol import rate (v, MM)
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M Vmax'SO
— _max <0 6
Ko - Se (6)

Here, V. is the maximal transport rate of the Ausl/
Pdrll transport system (=mi,-E1, with E1 being the total
amount of Aus1/Pdrll transporters in the PM), and the
Michaelis-Menten constant is kp; = ”’;ﬂ—tmz With that,
we can express the steady state flux into the cell as func-
tion of the kinetic parameters of the Aus1/Pdrll trans-
port system. The hyperbolic kinetics of sterol uptake by

Ausl/Pdrll can be linearized for two extreme cases:

Low-substrate range In the low-substrate regime, i.e.,
for low external sterol, Eq. 6 can be linearized according
to:

ov v
M 1 max
1,lin — 95,0 - 0 — LM 0 — A1 0o=M" ()

Thus, for low amounts of sterol in the medium, a
linearization of the irreversible import model recovers
the rate constant k; from the differential equation sys-
tem in Eq. 2a, b with k; - Sp = 'p=- Sy = '";Aff - So. This
situation could apply when using a microfluidic device
to ensure a constant but low supply of ergosterol or its
fluorescent analogue DHE. One could also use highly
fluorescent tagged analogues of cholesterol, like nitro-
benzoxadiazole (NBD)-tagged cholesterol, for which a
steady supply of trace amounts would be sufficient to
achieve sufficient staining of cells [35, 36]. Finally, one
could express mutants of Ausl/Pdrll or use inhibitors,
which both impact the binding of sterol substrate to the
transporters, thereby increasing their ky; values and
shifting the linear regime of the hyperbolic Michaelis-
Menten kinetics to higher substrate values. For this lin-
ear substrate-transport relationship, we ask how an in-
finitesimal change in the enzyme parameters of Ausl/
Pdr1l will affect the steady state flux of sterol into the
cell. To answer that, we use the fact that at steady state,
we have v; =k;-So =7, =3 =v; =] and calculate
the flux control coefficients, a measure quantifying the
impact of infinitesimal parameter changes on the steady
state flux [37]. The only non-trivial flux control coeffi-
cient is:

ki1 dJ
;4 Y
Ckli ] ok 1 (8)

All other flux control coefficients are zero. Thus, the
total control about sterol flux into the cell lies in the
ATP-driven sterol import process in our model, and a
small change in the activity or abundance of Aus1/Pdrll
should directly translate into a proportional change in
sterol import flux and sterol abundance in both leaflets.
This conclusion, however, is only valid, as long as we
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consider linear kinetics and infinitesimal changes in the
parameter values for the import process.

In a similar manner, we can calculate concentration
control coefficients, generally defined as [37]:

Csi _ KASz :BaSl/apk _ 0 lnSi (9)
k SiAVk) Ay 0 Siovk/op, 0 Invi

For sterol in the outer leaflet, changing the import rate
constant, for example by altering the catalytic activity or
abundance of Ausl/Pdrll or by slightly changing the
sterol amount in the medium will give:

S :i'ﬁ: ki-So-ky-ks (k_o+ks)
Y Sl a] kl 'S()' (k_z-f—kg) kz'kg
=1 (10)

Similarly, one can show that the control over the
steady state amount of sterol in the inner leaflet is
entirely set by the sterol import process, i.e., one gets

C}gz = 1. Thus, total steady state amounts of sterol in
the outer and inner leaflet, respectively, follow
changes in the sterol import step in a concerted
manner.

High-substrate range In the high-substrate range (i.e.,
for S — o), Eq. 7 gives MM =y e, sterol excess in
the medium would make that the Ausl/Pdrll transport
system is always saturated and works under its maximal
capacity. In that situation, sterol import becomes inde-
pendent of the actual sterol concentration in the
medium. Recently, we carried out ergosterol uptake ex-
periments using its close analog DHE in hemlA cells
[31]. Experiments on uptake of the ergosterol analogue
DHE had been conducted in log-phase growing yeast with
OD600 around 0.75 corresponding to 1.16:10” cells/ml.
To these cells 20 pg/ml DHE in Tween had been
added, which equals a concentration of 50.68 pM [31].
Thus, translated into our model, we have S, =
50.68 pM. After 24-48 h culture, all ergosterol in the
cells had been replaced by DHE [31]. A yeast cell has
about 1.10% ergosterol molecules [20], thus, there are
1.16-10"> DHE molecules/ml incorporated into the
cells in the 1-ml suspension, corresponding to
1.926 uM. Accordingly, DHE in the medium is in
large (>25fold) excess of DHE in the cells, which cor-
responds to situation b), in which v; = v . Thus,
uptake becomes independent of DHE abundance in
the medium (0. order kinetics), and the steady state
flux is entirely set by the maximal capacity of the
sterol import system Ausl/Pdrll. This corresponds
to a constant (clamped) concentration Sy. Since
Vmax = Wo-Et, the expression level of Ausl/Pdrll
transporters in the PM, Erp, translates in this case
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directly into the magnitude of sterol flux across the
yeast PM at steady state. There are about 10.5.10°
Ausl transporters per yeast cell (http://yeastgenome.
org/), which corresponds to 12.18-10"° transporters
per 1, equal to 2.02-10"'®mol/l. Thus, one can esti-
mate Et =0.2nmol/l for the DHE uptake experi-
ments carried out previously [4, 31]. Furthermore,
the catalytic efficiency of purified and reconstituted
Ausl/Pdrll has been estimated to hydrolysis of 10
ATP molecules per protein per second, thus 0.167
ATP’s per sec [38, 39]. Assuming that the catalytic
efficiency is the same in intact cells and that there is
a 1:1 stoichiometric coupling between sterol trans-
port and ATP-hydrolysis by these ABC transporters,
one gets m, =0.167 transported sterol molecules per
sec. Thus, we arrive at v, =0.033 nmol/(l's) as the
maximal possible capacity of the sterol influx system
in our yeast cell culture. Is this a reasonable num-
ber? As a test, we ask how long it would take to
reach a steady state DHE labeling of 1.926 uyM (see
above) with this flux magnitude, which gives 1926
nmol/l: 0.033 nmol/(l's) =58363,6 s ~ 16 h. This value
is comparable to the 24-h sterol labeling procedure,
which we typically used. Thus, we conclude that
these numbers are very reasonable.

Intracellular sterol release affects the transbilayer sterol
distribution in the PM

Exit of sterol from the cytoplasmic leaflet is supposed
to be an important control point in setting the sterol
content of the ER and thereby regulating overall
sterol homeostasis in both, yeast and mammalian cells
[13, 14]. Release of cholesterol from the PM of mam-
malian cells is supposed to be rather slow compared
to transbilayer sterol flip flop under normal growth
conditions resulting for example in bi-phasic trans-
port to the endocytic recycling compartment in fibro-
blasts [40]. Acute cholesterol loading, intercalation of
membrane active molecules or depletion of sphingoli-
pids can result in a non-linear increase of cholesterol
release from the PM and thereby acute expansion of
the cholesterol pool in the ER and other organelles
[41-44]. In vyeast, exit of the fluorescent ergosterol
analogue DHE from the PM is low under anaerobic
growth conditions but can be enhanced several fold
after switching to aerobic growth, likely because
newly made ergosterol can replace some DHE in the
PM [20, 27, 31]. Here, more DHE is made available
for pick up by cytosolic STPs, thereby increasing the
rate of non-vesicular transport of DHE from the PM
to the ER. In the ER, the sterol get esterified and
stored in lipid droplets, which was found to require
metabolic energy and activity of the yeast ACAT
homologue, Are2 [27]. Thus, in both yeast and
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mammalian cells, sterol exit from the PM seems to
depend on active sterol esterification. In our model of
Eq. 1, sterol exit from the PM and its esterification in
the ER is summarized by rate v =ks3-S,, and a rele-
vant question is, how this rate affects the steady state
ratio of sterol in the PM. This reads:

e _ 151 kz -kg - kz
SZ/SI n k3 120 (k_z -+ kg) o k_2 + kg
9>
1+k3/k_2 Q ( )

Here, ¢, is the equilibrium constant of the sterol

flip-flop process, ie., q, = kk—zz = i—%z, where S}7 and S57
are the sterol concentration at equilibrium in the
outer and inner leaflet, respectively. Thus, we see
that the steady state ratio of sterol between inner
and outer leaflet, Q, is independent of the steady
state sterol influx, v;. In fact, Q is described by a ra-
tio of rate constants making that it has no units. Ac-
cordingly, the absolute values of kinetic rate
constants are not relevant in making predictions
about the steady state sterol ratio in the PM, only
their relationship to each other. This is important as
such values are not known for membranes in living
cells. We see that Q is always smaller than the equi-
librium ratio, i.e., as long as k3, the rate constant de-
scribing sterol exit from the PM is larger than zero.
But how much does cytoplasmic sterol release affect
this ratio or is the effect negligible under physio-
logical settings? In case of k3 =0, one finds again
the equilibrium sterol distribution across the PM
(i.e., in this case Q = ¢,). In Fig. 2a, the relationship
between the equilibrium constant for passive sterol
transbilayer distribution, ¢g,, is plotted versus the
steady state ratio, Q for varying release rate con-
stants of sterol from the inner leaflet. For this calcu-
lation, the rate constant for sterol migration from
the inner to the outer PM leaflet (sterol flopping)
was set to k_, = 0.1s™ ', while that in the opposite
direction (sterol flipping) was varied between k, =
0.01-1.0s™ ', corresponding to an equilibrium ratio
of g, =0.1-10. Sterol release from the cytoplasmic
leaflet was also varied over a 100fold range from
k3 =0.01-1.0s" L. One can see that for k3 = 0.01s %,
which is 10fold smaller than the flop rate constant k
_,, the attainable steady state ratio of sterol in the
two PM leaflets closely resembles the equilibrium
distribution (Fig. 2a, black curve). In contrast,
already when k3 = 0.05s™' equal to half the rate
constant for sterol flopping, Q deviates significantly
from g5, and this difference grows as k3 is increased.
To illustrate this further, we plotted the percentage
of sterol in the inner leaflet for the same parameter
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values (Fig. 2b). One finds that the experimentally
measured ~79% sterol in the inner leaflet of hemiA
cells at steady state [31] requires g, =4.2 for a re-
lease rate constant of k3 = 0.01s™ 'corresponding to
a passive equilibrium distribution of 80.77% sterol in
the inner leaflet. Thus, the percentage of sterol in
the inner leaflet at steady state (79%) is almost iden-
tical to the passive sterol distribution at thermo-
dynamic equilibrium (=81%) for this parameter
combination, and such small differences cannot be
detected in experiments [31]. In contrast, for a
10fold higher release rate constant of k3 = 0.1s™ ", to
obtain 79% sterol in the inner leaf of the PM at
steady state requires g, =7.5, i.e. a passive equilib-
rium distribution of 88.23% sterol in the inner leaf-
let. At the same time, such increased sterol release
on the cytosolic side would lower the total amount
of sterol in the PM by about 10 fold (Fig. 3a). This
is a rather drastic change, which has not been ob-
served in experiments [31]. Thus, one might wonder
under which physiological conditions the steady state
sterol distribution in the PM would differ signifi-
cantly from the equilibrium distribution. In other
words, does the in vivo situation more resemble a
state in which flip-flop is much faster than cytoplas-
mic sterol release and esterification in the ER? In
this case, one would always have k3 << ky, k_, and
expect that Q approaches the equilibrium sterol
transbilayer distribution. This is further analyzed in
the thermodynamic analysis below.

Irreversible sterol import via Aus1/Pdr11 - thermodynamic
analysis

To assess the extent by which continuous ergosterol
import into yeast causes an out-of-equilibrium sterol
distribution in the PM, we explored how the kinetic
parameters affect the thermodynamic driving force
for sterol influx. We define first the chemical poten-
tial difference of sterol between both leaflets under
standard conditions in equilibrium

1
M’ = p®y—p°) =RT - In <q—> (12)
2

It has been suggested that the chemical potential of
sterol in both leaflets at steady state is not the same, and
that especially the higher content of phosphatidyletha-
nolamine could ‘draw’ sterol to the inner leaflet, estab-
lishing that g, = ky/k_, >1 [45]. In addition, there is a
non-equilibrium contribution to the asymmetric sterol
distribution in the PM and for that, we define the chem-
ical potential difference at steady state as:
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between both PM leaflets (g,) for the indicated rate constants of intracellular sterol release (ks). Other parameters were v; =1 mol/s and k_, =1
s~ !, respectively. See text for further explanations
J




Wistner Theoretical Biology and Medical Modelling (2019) 16:13
ko Sp—
S ke-Sr-J (14b)
ko + k_o

With that, the chemical potential difference for sterol
between both leaflets at steady state (Eq. 13) reads:

. (k_z‘ST+V1) .
Ay = -RT ln( (ko - S1=v1) 5 | =AG

eq o
=RT - ln(S—;-é) = RT - ln<g>
S S Ub

The expression in the large brackets in the right-hand
term of Eq. 15 can be seen as a form of the mass action
ratio for a non-equilibrium system (i.e. Q/g,). With that,
we can express the steady state flux as function of the
chemical potential difference of sterol between the PM
leaflets [46]:

(15)

_ ka-Sr - (exp(-Au/RT)-1)

J
g, + exp(-Au/RT)

(16)

This thermodynamic definition of the steady state
flux is valid for linear import kinetics. In that case,
sterol influx necessary to counterbalance a non-equi-
librium difference in sterol abundance between both
leaflets is a monotonically decreasing non-linear func-
tion of the equilibrium sterol distribution between
both leaflets (Fig. 3b). That is, the higher the passive
sterol distribution towards the inner PM leaflet, the
lower is the steady state sterol flux into the cell. In
other words, the faster sterols flip spontaneously
across the PM compared to cytoplasmic sterol release
the closer is the system to thermodynamic equilib-
rium. Vice versa, higher sterol chemical potential dif-
ferences due to large sterol release from the inner
leaflet and esterification in the ER, as described by
rate constant k3, result in larger steady state fluxes
(e.g. compare pink dot-dashed curve with k3 = 1s™'
and green dashed curve with k3 = 0.1s™ "' in Fig. 3b).
The rate constant k3 in the model of Eq. 1 comprises
cytoplasmic sterol release and its esterification in the
ER. Consequently, controlling the ‘sterol sink’ in the
ER, ie. sterol esterification by Are2 should directly
relate to the magnitude of out-of-equilibrium sterol
flux across the PM. Positive values of Ap would give
a negative flux, i.e., a flux reversion from the inner
towards the outer leaflet. However, such a situation
cannot happen, as long as we have k3> 0. This can be
easily seen, when using Eq. 11, in Eq. 15 to get:

AG = Au =RT - In<g>

Up)

=RT- In|—— (17)
1—|—k3/k_2
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For k3 =0, we get AG =0, which is the thermodynamic
equilibrium. In that situation we have ¥ = v, meaning
that no net flux across the PM would remain. So, how
different is the ergosterol distribution between the two
PM leaflets at a physiologically reasonable steady state
from its equilibrium value? Again, the total number of
ergosterol molecules in the PM is St =7-10" per yeast
cell. Even though this is widely speculative, let’s assume
that passive sterol flip and flop have a half time of
tip = 1.73s (ky = 0.4s ") and ty, = 6.93s (k_, = 0.1s”
"), respectively. This corresponds to a passive distribu-
tion of sterol between the outer and inner PM leaflet of
Q> =4 and thereby to 20% of ergosterol (1.4-10” mole-
cules) in the outer and 80% (5.6-10” molecules) in the
inner PM leaflet at thermodynamic equilibrium (i.e. in
the absence of any intracellular sterol release from the
PM described by rate constant k3). In the presence of a
cytoplasmic release from the PM with rate constant of
ks = 0.01s™ ' (t;, = 69s), 7-10° ergosterol molecules
would leave the PM per second. With that, we have ac-

cording to Egs. 15 and 16 at steady state Q= =2 =3.64,

S
thus, 21.56% of ergosterol (1.51.10” molecules) in the
outer and 78.44% (5.49-10” molecules) in the inner leaf-
let at steady state. This is only slightly different from the
equilibrium situation, above. Such a difference is too
small to be detectable in a steady state quenching ex-
periment of DHE in the yeast PM, for example [31].
Supporting this notion, we found that energy poisoning
of cells did not affect the measured distribution of DHE
across the yeast PM [31]. For these values, we get for
the Gibbs free energy:

1
AG=RT - In{——
G=RT- In (1 T kg/k_2>

=RT: In 1
1+0.01s1/0.1s

= —0.24k] /mol

(18)

This value of AG=-0.24kJ/mol is a rather low
thermodynamic driving force, and the system will re-
main close to thermodynamic equilibrium. Let’s increase
the rate constant for sterol release from the inner leaflet,
ks, 5fold, i.e., from kz = 0.01s™ ! to k3 = 0.05s™ ! while
keeping g, =4.0 with a sterol flip and flop rate constant
of ky = 04s " and k_, = 0.1s™ ", respectively. This cor-
responds to AG = - 1.03 kJ/mol. Again, this value for the
Gibbs free energy change would also be obtained for
very different values of the rate constants, as long as
their ratio is the same. For example, one might have in a
yeast cell, k, = 0.04s” ' (typ = 17.3s) and k_, = 0.01s*
(ty2 = 69.3s). In that case, the above example calcula-
tions stay valid for k3 = 0.001 s (tip = 69325) to
ks = 00055 ' (t;» = 138.65). This is important, as the
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absolute values for sterol flip-flop, for example, have
been debated and might vary over a wide range depend-
ing on lipid composition [47].

In parallel, we get using Eqgs. 11 and 17; Q— ) =0.4s"

(015" + 0.0557") = 0.0457'/(0.01s™" + 00055_1)—
2.67 (i.e. 72.75% sterol in the inner leaflet). Such a
change in sterol asymmetry might be detectable by DHE
quenching experiments. However, at the same time the
total amount of sterol in the PM would drop to less than
20% of what it was at k3 = 0.01s™ ! (for k, = 0.1s™ ") and
at k3 = 0.001s™ ' (for ky = 0.01s™ ') This, again, has not
been observed in experiments, at least not in the ab-
sence of de novo ergosterol synthesis [27, 28, 31]. Thus,
we can conclude that cytoplasmic release of ergosterol is
likely slow compared to sterol flip-flop rates (i.e. k_, >
10- k3) causing only moderate deviations from the equi-
librium sterol distribution in the PM.

For such small deviations from equilibrium, we can
linearize the flux-force relationship of Eq. 16 and get [46]:

St ko - ko
RT /(2 +k_2
T k2

=M R (g 1+ 1) (19)

J=-Au-

This resembles the Onsager flux force relationship for
linear irreversible thermodynamics; / = L-X, with the
steady state flux being J = v;, X being the driving force
(here X =-Ap) and L being the transport coefficient (or
‘conductance’ (equivalent to a diffusion constant), here:

Sr-ky  Sr-ky-ko

L= 20
RT(q,+1)  RT -1 (20)

With S7=[vy-(r ' +ks)]/[k,-ks]) the ‘conductance’
is determined by a combination of all rate constants
of sterol transport across the PM relative to the
Boltzmann factor (the higher the flip-flop rates, the
faster is sterol exchange; where 7 = (k, + k_,)™" is the
fluctuation relaxation time). From that, we can derive
the heat loss due to entropy production, o, per unit
membrane area as [46]:

2 St -ky ko
T-o=] -X=-Au-vi=(Au)- RT3 (21)

Thus, the larger the sterol flux across the PM, the
higher is the entropy production, as expected for a non-
equilibrium steady state. Again, based on the above
quantitative arguments, we expect the flux to be small
causing only small deviations from thermodynamic equi-
librium distributions. The directionality of this steady
state influx is ensured by Aus1/Pdrll transporters con-
stantly hydrolyzing ATP. Can we include this in our
analysis?
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Reversible sterol import via Aus1/Pdr11 - steady state
analysis

It is generally believed that ABC transporters shuttle
their substrate in an unidirectional manner driven by
ATP hydrolysis. However, some of those transporters
like the LmrA multidrug transporter of Lactococcus
lactis can act also in the opposite direction under
ATP depletion condition and reversed substrate gradi-
ents [48]. While the simultaneous existence of a re-
verse sterol and ATP gradient to synthesize ATP by
Ausl/Pdrll in yeast is rather implausible, the possi-
bility exists that the ABC transporters Ausl/Pdrll
could carry out a reversible transport cycle. In this
scenario, the ABC transporters could pump sterols
also out of the cell, but the excess of ATP compared
to ADP and phosphate on the substrate-entry site
would ensure the directionality of sterol flux in the
import direction [46]. Such a mechanism has been
proposed for the ABC transporter associated with
antigen processing (TAP) [49]. In that case, we have
for our system:

SQ<—>51<—>52—> (22)

We consider sterol in the outer PM leaflet (S;)
and the inner PM leaflet (S,) with constant concen-
tration of ATP, ADP and phosphate, i.e. A:=[ATP]
and P:=[ADP].[PO,*"] and the rates v; =k} - So—k*,
S1, Va=ky-S1—-k -8, and v3=k; S, resulting in
pseudo-first order rate constants for the import as
ki=k -A and k'; =k_;-P. This gives the ODE
system:

ds

d_tl = V1—Vy = k’{ . S()—(kil +k2) . 51 + k,2 . 52
ds

d_t2 = Vy—V3 = k2 'Sl—(kfz + kg) 'Sz

(23a,b)

One can again show, that only one steady state flux
exists, which is v; =v4,=v3=]. Thus, sterol fluxes due
to i) Ausl/Pdrll-mediated sterol influx (v,), ii) sterol
flip-flop across the PM (v,), and iii) due sterol release
from the PM followed by sterol esterification in the
ER (v3) become equal at steady state. The steady state
amount of sterol in the outer and inner leaflet of the
PM reads:

S_: kl'So'(k_2+k3)
VTR kot (K ko) ks

(24a)

- ki -ky - So
Sy = .
k—l -k + (k—l + /(2) - k3

(24b)

These expressions can be adapted for the high-sub-
strate regime (b)) by replacing v; = ky-Sp with v; = vax.
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Importantly, the steady state ratio of sterol between the
two PM leaflets is again independent of the activity or
abundance of Aus1/Pdrl1, as it reads:

- e ki -ky-So
S2/81 =
/) (k*1 koo + (K + ko) -k3>
-1
] kl . S() . (k_z + kg)
Ky koo + (K5 + ko) - ks

ko
EEN— 25
koo + ks Q (25)

The most right side of Eq. 25 is identical to that of
Eq. 11, showing that assuming reversibility of the
sterol import step does not affect the steady state
sterol distribution in the PM. This is an important result
with the consequence that the whole thermodynamic flux
analysis presented above remains valid also for reversible
and ATP-dependent sterol import by Ausl/Pdrll. In con-
trast to the irreversible sterol import (Eq. 1), flux control is
now shared between the forward and backward step in the
first transport step (not shown). Note that the relations
above, i.e. expressions relating the flux J (ie, v;) to the
chemical potential differences, those quantifying sterol
abundance in each leaflet at steady state (Egs. 3a, 3b, 11, 17
and 24a, 24b) and the steady state transbilayer sterol distri-
bution in the PM (Eq. 25) are generally valid for linear im-
port kinetics. In the following, we will only use v, for the
Ausl/Pdrll-catalyzed sterol import step, irrespective of
vy =ki - So (low-substrate regime, a), above) or v; = v
(high-substrate regime, b), above).

Model of sterol transport in yeast with two sterol pools in
each PM leaflet

Linearized model of sterol complex formation in the PM
only

The model analysis so far predicts that passive sterol re-
distribution to the inner leaflet (i.e., preferred inward
flipping, q» >0) is the main driving force for the ob-
served sterol asymmetry in the PM with little counter-
balance from active transport. In the following, a
mechanism is discussed by which sterol can be enriched
in one leaflet without invoking differing flip and flop
rates for passive sterol exchange between the leaflets. It
has been suggested that the PM of eukaryotic cells is
sub-compartmentalized into an active sterol pool, which
rapidly responds to changes in lipid composition or
sterol abundance, and a ‘passive’ pool, which is restraint
to the PM by complex formation with phospholipids
[15, 50]. The molecular mechanisms of sterol sequestra-
tion in the complexed ‘inactive’ pool are not clear at the
moment, but could involve preferred interaction with
some lipid species, like sphingolipids, or with membrane-
embedded or —associated proteins [14, 50, 51]. The ‘active’
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pool in each leaflet is meant as being freely available for
exchange including complex formation and flip-flop to
the opposite leaflet. Its definition is routed in a thorough
thermodynamic analysis of phospholipid-cholesterol phase
diagrams in lipid model systems, in which a steep increase
in cholesterol’s chemical activity, a, with a = exp(u/k,-T) at
critical cholesterol mole fractions was found [15, 52]. The
chemical activity surmises all molecular interactions of
sterol in the bilayer defining its available volume as func-
tion of sterol concentration [52, 53]. Due to their concen-
tration-dependent lipid condensing effects, higher sterols
like cholesterol ergosterol impact the available volume in
the bilayer which in turn affects sterol-phospholipid inter-
actions. Several physico-chemical models have been put
forward to explain the highly non-linear dependence of
cholesterol’s chemical potential in membranes on bilayer
sterol mole fraction, as recently reviewed [8]. To keep our
analysis simple and transparent, we employ a model based
on mass-action kinetics involving sterol-phospholipid
complexes [15, 52, 53]. This approach also has another ad-
vantage, namely that the sterol binding partner potentially
can be other types of molecules, like membrane proteins.
To include a complexed sterol pool in our analysis, the ir-
reversible import model was extended to.

Soisl <V—2>52£> (263)
n51 +mP1(V—4>C1 (26b C)

l’lSz + mP2 <V—5> C2

Now, we define the active or free sterol in the outer
PM leaflet as S; and the active sterol in the inner PM
leaflet as S,. In both leaflets, # molecules of free
sterol can bind to m molecules of phospholipids, des-
ignated as P; for the outer and P, for the inner leaf-
let, respectively. Such binding results in formation of
complexes named C; for the outer and C, for the
inner leaflet, respectively. This is justified by the ob-
servation, that condensed complexes can form be-
tween sterols and sphingolipids, as primarily found in
the outer PM leaflet, but also with PS, being enriched
in the cytoplasmic PM leaflet [15, 52, 54]. Condensed
complexes are supposed to cover less membrane area
than the sum of the contributing constituents would
in the non-complexed state, thereby accounting for
cholesterol’s condensing effect on lipid membranes
[53, 55]. The free or active sterol can move between
the leaflets and across the bilayer with rate v, in our
model, which ensures that free and complexed pools
in each leaflet are kinetically coupled. That is, free
sterol in the outer leaflet, S;, flipped to the inner can
be replenished by dissociation of the condensed com-
plex in the outer leaflet (with rate v,). Similarly, ac-
tive sterol released into the cytoplasm from the inner
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leaflet (with rate v3) can be replenished from both
complexed sterol pools; from dissociation of the con-
densed complex in the inner leaflet (with rate v5) and
from dissociation of the condensed complex in the
outer leaflet (with rate v,) followed by flip of the lib-
erated free sterol from the outer to the inner leaflet
(with rate v,). For simplicity, we consider only 1st
order complex formation setting n = m =1 as previ-
ously suggested for ternary lipid mixtures in model
membrane vesicles [56]. Further, we assume for the
moment the phospholipids to be in excess for the
binding such that we obtain pseudo first order rate
constants for binding in the outer leaflet, ky = kg*
Pi-and in the inner leaflet, k5 = ks* P,. This implies
that sterol inserted into the PM from extracellular
sources to be a minor component, such that complex
formation does not consume the sterol binding part-
ners. This constrain is now set for simplicity and
transparency of the analysis but will later be removed
(see below). Together, this gives the following trans-
port rates: vy =const., Vo=ky Sy —k_o-Sy v3=ks S,
Va=ky -Si—k4-C, and vs=ks-Sy—-k.5-Cy The
resulting ODE system reads:

as

d_tl =v1-Wy-vy =ky - So—(ka + k) - S1 + koo So+ ko  Cy
as

d_t2 = Vo—V3—V5 = k2 . Sl—(kfz +k3 +k5) . Sz + k,5 . Cz
dC

dd—él: V4 :k4'51—k,4' C1

d_t2: V5 = k5 . Sg—k,5 . Cz

(27a — d)

The steady state amount of active sterol in the outer
and inner leaflet of the PM is:

S_:kl ~So - (koo +ks) _vi-(kop+ks)
! ky - ks ky - ks

(28a)

—_— kl'kz'SO kl'So 121
Sy = Hk & & (28b)

This is identical to the one-pool irreversible model
(Eq. 3a and 3b), showing that active sterol moves freely
between the two PM leaflets. That does not mean,
though, that the complexed sterol pools in each leaflet
are independent of each other. In fact, it can be easily
seen from the steady state solutions for the sterol in
complexes, that:

?:k4-v1-(k_2+k3):q4-v1-(k_2+k3)
! ky ks - k4 ky - ks

=y Sl (293)
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— ks - v1

Cy &h_

Tks ke ke D% (29P)

Here, the equilibrium constants for complex formation
in the outer and inner leaflet are g4 = k4/k_4 and g5 = ks/
k_s, respectively. Using Eqgs. 28a and 28b in 29a, one
finds that sterol complex in the outer leaflet at steady
state can be expressed as function of free sterol in the
inner leaflet as

C—1:q4'5_2'(k—2+k3)
ka

(29¢)

Similar relations can be found to express sterol com-
plex in the inner leaflet at steady state as function of free
sterol in the outer leaflet (not shown), clearly establish-
ing that all four sterol pools in the PM are connected
with each other. The total amount of 4sterol in the outer
leaflet, S1°, and in the inner leaflet, St', becomes:

$3=81+Ci=(1+4q,) S
r— 21T -1 21 30a,b
S =8+Cy=(1+g;)-S, ( )

The steady state ratio of sterol between the two PM

leaflets reads:

o ey e (14 d5) 52
S5./8%. = (S, +C S1+C)=—-—T22 =
T/ ( 2 2)/( 1 1) (1 +q4) 'Sl
_ ko - k_g- (ks +k_s) (31)
(k_z + kg) . (k4 + k_4) -k_g
This can be simplified to:
; ko (1+4s) (1+9s)
St/se = : —Q 1) 32
Gk (ra) - S ara) P

From Eq. 31/32, one can draw two import conclusions;
first, the steady state transbilayer sterol distribution is
also for the two-pool model independent of sterol influx,
v1. Second, introducing two sterol pools (free and in
complex) into each PM leaflet modifies the original
steady state transbilayer sterol distribution, Q, by the

factor M —= (1F4s)

T ()
tween the two PM leaflets as function of the equilibrium
constants for complex formation in either leaflet is
shown Fig. 4. Here, the equilibrium constant not being
varied is set equal to 1 (ie. g5 =1 in Fig. 4a and
q4 =1 in Fig. 4b; dotted grey line), meaning that half
of total leaflet sterol is in complexes and half is free
in either case. The equilibrium constant for passive
sterol flip-flop, ¢», is also set to one, meaning that ac-
tive sterol does not show any preference for either
leaflet in this model. More sterol in complexes in the
outer leaflet, i.e., less being free or ‘active’ lowers the
total amount of sterol in the inner side of the PM in
a non-linear manner (Fig. 4a). If complex formation

The steady state ratio of sterol be-
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Fig. 4 Preferred complex formation of sterol in the inner leaflet counteracts increasing sterol release rates in attaining sterol asymmetry in the
PM. Steady state transbilayer sterol distribution (ratio Q-M, Eq. 32) as function of equilibrium constant for sterol complex formation in the outer
leaflet (a varying qa) or in the inner leaflet of the PM (b varying gs). The vertical dotted grey line indicates the equilibrium constant for the
complex formation in the corresponding other leaflet (i.e, gs =1 in a; g4 =1 in b). While k3 was varied as shown in panel (a), flip-flop rate
constants were set to k, = k_, = 15, respectively. A ratio QM = 1 corresponds to a symmetric sterol distribution between both leaflets, while
QM >1; QM < 1 means sterol enrichment in the inner and outer leaflet, respectively
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Equilibrium constant for sterol complex formation
in the inner leaflet, q,

takes place primarily in the inner leaflet, the steady
state ratio of sterol is shifted to this side of the bi-
layer (Fig. 4b). Thus, despite identical passive flip-flop
rates, sterol asymmetry can be controlled in this
model by differing interaction of sterol with phospho-
lipids in either leaflet. As before for the one-pool
model, increasing non-vesicular sterol outflux de-
scribed by rate constant k3 lowers the attainable
steady state sterol ratio between both PM leaflets.
One also sees that sterol enrichment in the inner
leaflet on expense of the outer is only possible if
complex formation takes place preferentially with
phospholipids in the inner PM leaflet (i.e., we must
have g5 >> q4). Interestingly ergosterol seems to be
excluded from gel-like domains formed by outer-leaf-
let sphingolipids in the yeast PM [57]. This could ef-
fectively lower compl