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Abstract

As part of the lyosomal degradation pathway, the endosomal sorting complex required for transport (ESCRT) machin-
ery sequester receptors at the endosome and simultaneously deform the membrane to generate intraluminal vesicles
(ILVs). The role ESCRTs play in the membrane shape remodeling is not understood. We present a mathematical
model, where ESCRT-induced alteration of the Gaussian bending rigidity and their crowding on the membrane facil-
itate ILV formation. The combination of mathematical modeling and experimental measurements shows that early
ESCRT-driven budding does not require ATP consumption as only a small energy barrier needs to be overcome. Our
model predicts that an ESCRT-free ILV forms, i.e., ESCRTs do not become part of the vesicle, but localize with a
high density at the membrane neck, where the steep decline in the Gaussian curvature might trigger ESCRT-III/Vps4
assembly to enable neck constriction and scission.

Introduction

Sorting and compartmentalisation of biomaterials lie at the heart of cellular processes and plays a fundamental role in the lysosomal degradation
pathway to regulate cellular activities. Transmembrane proteins in the plasma membrane, such as growth factor receptors, are internalized
by endocytosis and degraded in lysosomes [1, 2]. As a part of this pathway, intraluminal vesicles (ILVs) with a typical diameter in the order
of 50nm are formed inside endosomes [3]. The ILV formation starts with a small deformation of the endosome membrane, which grows over
time and finally leads to a cargo-containing vesicle within the endosome lumen. ILVs are an essential part of the endocytic downregulation
of activated receptors to ensure signal attenuation, failure of which results in tumourigenic signaling [3, 4, 5, 6]. In addition, ILVs can reach
the extracellular environment as exosomes, where they become signaling entities enabling intercellular communication. Altered exosomes can
serve as tumor biomarkers [7, 8, 9]. In spite of the fundamental role ILVs play in the endocytic pathway, surprisingly little is known about
the mechanochemical crosstalk that regulates their formation [10].

The biophysical process that leads to the formation of an ILV is in many ways inverse to clathrin-mediated endocytosis at the plasma
membrane, as the membrane bud protrudes away from the cytosol (Fig. 1a) and the vesicle shape is not dictated by a protein scaffold [4]. Cargo
sorting and ILV formation is mediated by the endosomal sorting complex required for transport (ESCRT) [11, 12, 5, 13, 14], which consists of
four sub-complexes, ESCRT-0, -1, -II and - III, and the accessory Vps4 complex. Each of the sub-complexes have different, yet complementary
tasks [5, 14]. ESCRT-0 contains binding domains for the endosome membrane, ubiquinated cargo and clathrin [5], which enables ESCRT-0

to sequester cargo material into patches, so-called microdomains, on the endosome membrane. Interestingly, the role clathrin plays in ILV
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formation differs significantly from its role in endocytosis, as it promotes ILV formation [15], but does not form a basket-like scaffold. Instead,
a rather flat clathrin coat is bound to the ESCRT microdomain [16, 17, 18, 1]. ESCRT-0 recruits ESCRT-I that leads to the recruitment of
the complete ESCRT machinery. While ESCRT-0, -1, -IT sequester transmembrane cargo proteins and facilitate ILV formation, ESCRT-III
and the ATPase Vps4 enable constriction of the membrane neck leading to the formation of an ILV [19]. Notably, the only energy consuming
step in the membrane remodeling process is the membrane scission, involving the ATPase Vps4 [20, 21]. This is especially remarkable, since
the energy required for a flat lipid bilayer to form a spherical vesicle, is several orders of magnitude larger than the thermal energy, thus
creating an energy barrier inhibiting vesicle formation [22, 23].

Experiments have shown that the recruitment of ESCRTSs to the endosome occur in a time periodic fashion [15, 24], where each recruitment
cycle is associated with the formation of a single ILV. Transmission electron microscopy (TEM) images have also provided a high-level
description of the membrane shapes during the budding process [15]. Today, in-vivo measurement techniques are not able to record the
time evolution of fluorescent markers and the membrane shape simultaneously. To gain a detailed understanding of ESCRT assembly on the
endosome membrane giant unilaminar vesicles (GUV) have been used as an in-vitro model system to study the formation of micrometer sized
vesicles at their membrane [13]. The in-vitro experiments demonstrate that ESCRTs are enriched in the vesicle neck but do not coat the
main portion of the vesicle [13].

Among the ESCRT sub-complexes, ESCRT-III and Vps4 have received most attention in both experimental and theoretical studies, due
to their fundamental role in a broad range of cellular processes involving membrane scission, e.g., cytokinesis and virus budding [25, 19, 26,
27, 28, 29, 30, 31, 32, 33, 34]. Theoretical and experimental studies have shown that the polymerization of ESCRT-III filaments into spirals
promotes membrane buckling [35] and neck scaffolding [36], which in combination with the tension exerted by ESCRT-III, is suggested to cause
closure of the membrane neck [37]. Much less is known about how the early ESCRTs affect membrane-remodeling, even though they play an
as critical role in ILV formation [15, 38, 39, 40]. The lack of a description of the biophysical mechanisms generating membrane deformations
at the endosome contrasts the large number of studies on clathrin mediated endocytosis at the plasma membrane, with similar membrane
shapes, where theoretical modeling has provided invaluable information about the link between surface forces from transmembrane proteins
[41], stochastic effects [42] and the resistive elastic forces [43, 44, 45, 46]. To observe ILV formation Rozycki et al. [39] assumed a uniform
ESCRT coat on the membrane, which exhibits preferred binding to negative Gaussian curvature. Mercker et al. considered the influence of a
spontaneous Gaussian curvature caused by the structure of the ESCRT-I and ESCRT-II supercomplex . These models highlight that Gaussian
bending is essential to understand the formation of an ILV.

In order to understand the underlying biophysical mechanisms of the ILV budding process driven by ESCRT's, we address the following
questions:

1. What is the biomechanical mechanism that allows ILVs to form and does this process require an active force or an external energy?

2. How do ESCRT proteins organize at the endosome to form an ESCRT-free vesicle?

3. How do the dynamics of ESCRT recruitment couple to the endosome membrane shape?

To answer these fundamental questions, we combine theoretical modeling and experimental measurements, where we will show that ILV

formation is facilitated by the ESCRT proteins’ ability to alter the Gaussian bending rigidity and their crowding on the membrane.
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Results

Experimental measurements: We start by describing the dynamics of ESCRT assembly on the endosome, which was recently measured
experimentally [15]. Fluorescence measurements of ESCRT-proteins dynamics were performed by live-cell microscopy of human cancer cells
(HeLa), which show that ILV formation is accompanied by an oscillatory increase and decrease of the ESCRT concentration on the limiting
membrane of endosomes [15], as illustrated in Fig.1b. In each recruitment cycle, the fluorescent signal of ESCRT-0 continuously increases over
a time span of about three minutes, before it abruptly starts to decrease for about two minutes. In addition, it was shown that ESCRT-I and
clathrin have similar dynamics as ESCRT-0. We therefore only need to consider the temporal evolution of ESCRT-0. The dynamic features
of ESCRT-III are distinctly different from the ESCRT subunits 0-I. Once the ESCRT-0 signal reaches a maximum in fluorescence intensity,
ESCRT-III exhibits a jump in its fluorescence intensity over just a few seconds, before it decreases with a decay time similar to ESCRT-0.
The dynamics of ESCRT assembly are described by two time scales: the dwell time of ESCRT-0 74=(161+94)s and the periodicity of the
ESCRT-recruitment cycle, or equivalently the mean waiting time 7wy =(203£47)s [15].

TEM imaging of HeLa cancer cells reveal that ILVs have an average diameter of ~46nm and there is no apparent trend with respect
to the endosome size, see Fig. 1lc. A description of the membrane remodeling process that leads to ILV formation must therefore include a
mechanism that is robust in terms of setting the vesicle diameter. TEM imaging also allows us to describe the membrane shape at different
stages, where we categorize [15] the membrane profiles into three specific shapes: pit-, U- and Q-shape (Fig.1 d, e). As there is no overweight
of samples in either of these categories, despite that these images are taken for different cells and at random time points within the ILV
formation cycle, it suggests that the membrane deformation takes place in a continuous rather than a jump-like fashion over time.
Energy barrier: Next, we use the fluorescent signal data from the experiments to extract information about the energy barrier that has to
be overcome as an ILV forms. The magnitude of the energy barrier is crucial to classify whether ILV budding happens passively, i.e., initiated
by thermal fluctuations, or as an active processes that requires energy consumption. Kim et al. [47] derived a theory that relates the height
of an energy barrier in a diffusive process to the ratio of the characteristic time scales 7q/7wt. We deploy this theory for an energy landscape

with the shape of an harmonic potential, which for an energy barrier AEg predicts the two times scales; 7q ~ (4/3 —16/458AEg)BAFER and

Twt ~ merf(v/BAER)erfi(v/BAER), with =1 the thermal energy. The ratio of the two experimental time scales, i.e., the dwell time 74 and
the mean waiting time Twt, provides an upper limit for the magnitude of the energy barrier AEg §O.6kBT (see Supplementary information).
Since AEg is of such low magnitude, it can be overcome by thermal fluctuations, giving us a first suggestion that ILV budding happens as a

passive process as we will further demonstrate by our theoretical model.
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Figure 1: Illustration of the formation of ILVs: a) Schematic illustration of the formation of an ESCRT-free ILV. Transmembrane cargo
proteins, ESCRTs and clathrin form a microdomain at the endosome, where cargo proteins are sorted by the ESCRT machinery into ILVs.
b) We illustrate the characteristic time scales from the measured fluorescence intensity of ESCRT-0 and ESCRT-III [15]. The concentration
increases and decreases again during the dwell time 74. The mean waiting time between two consecutive ILV formation events is denoted by
Twt. ¢) Experimental measurement of 477 ILV diameters in HeLa cell endosomes exhibit a narrow distribution of ILV size independent of the
endosome diameter. The ILV diameter was measured in TEM images. The average and the standard deviation are calculated over at least
10 ILV diameters. The endosome diameter is sorted into bins with a width of 20nm, the center of the bins is chosen such that the number of
data points in each bin is maximized. d) During ILV formation the endosome membrane transitions through intermediate membrane shapes,
illustrated by the TEM micrographes and classified (from left to right) into pit-shape, U-shape, Q-shape and abscised vesicle [15]. e) We
reconstruct the three dimensional membrane shapes, from TEM tomograms [15] (Supplementary Video 1). Subfigure d) and e) modified from

(15]
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Figure 2: ILV parameterization: A part of the endosome membrane reconstructed from TEM micrographs (in green) is shown together
with the parametrization of the membrane in the mathematical model. Membrane bound coat proteins (red blocks), which include ESCRT-0,
-I, -IT and clathrin, bind to the transmembrane proteins (Y-shaped orange markers). The endosome membrane deforms into an ESCRT-free
spherical vesicle with a curvature Cg, surrounded by a neck region with an elevated ESCRT density. The extent of the coat-free area is
quantified by the opening angel a. The membrane shape is defined by the arc length S and the azimuthal angle 1, where we treat the
membrane as being axially symmetric around the Z-axis.

Mathematical model: A mathematical model that describes ILV formation needs to incorporate how ESCRT proteins influence the shape
of the endosome membrane. We consider ESCRT-0, -I, -IT and clathrin as one effective complex that coats the endosome membrane (Fig. 2),
and the membrane together with the embedded cargo proteins is treated as a homogenous elastic surface. Since the ILV size is much smaller
than both the endosome (see Fig. 1c and Supplementary Figure S1) and the ESCRT microdomain (several hundred nano meters in diameter)
[15], we simplify the model by considering only a part of the endosome membrane that is approximately planar (Fig. 2), where cargo proteins
are evenly distributed within the domain. As part of the budding process a region within the ESCRT microdomain forms that is not coated
by ESCRT's [13], which we define as the ESCRT-free region (Fig. 2). TEM tomography experiments show that ILVs are very close to being
rotationally symmetric (Supplementary Video 1 and 2), which we adopt in the mathematical model, where the membrane is determined by
the arc length S and the azimuthal angle ¢ (Fig. 2). The Z coordinate and the radial coordinate R of the membrane contour are related
to S and 1 through % = sin, % = cost. ILV formation involves a change in both mean and Gaussian curvature (see Supplementary
information). A common feature among proteins that alter the Gaussian bending rigidity are a-helix motives in their secondary structure
(48, 49, 50, 51, 52]. The structural similarity between these proteins and the ESCRTs prompts us to model the Gaussian bending rigidity as
dependent on the concentration of ESCRT proteins. The simplest mathematical description of a protein-induced Gaussian bending rigidity is

to assume a linear response with respect to the ESCRT density p. The Gaussian bending energy AEg then reads
(oo}
AEg = 271'/ pygC1C2RAS, (1)
0

with the proportionality factor vg. The principle curvatures of the membrane are denoted as C1 = siny/R and C2 = d¢/dS. In qualitative
terms, a non-homogenous Gaussian bending rigidity describes the tendency of the membrane to deform into a neck-like shape.

In addition to AEg, the total membrane energy has to account for membrane bending and stretching as well as protein crowding. By
following the Helfrich model for lipid bilayers [22], we describe the membrane together with the embedded cargo proteins as a thin elastic

sheet. The bending energy AFE, is then obtained as an integral of the squared mean curvature over the entire surface
* Kk
AB. =2 [T SR+ o) s, 2
0

with the bending rigidity «.
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In the limit of an endosome that is much larger than the ILV, as is the case in this system, the pressure that acts across the lipid bilayer
causes an effective far field tension, with o the surface tension coefficient [53]. This means that remodeling the membrane away from a flat

shape requires a surface energy AE,
oo
AE; = 27r/ ocR(1 — cos)dS. (3)
0

ESCRT-proteins form a dynamic coat, i.e., individual ESCRT-proteins are continuously recruited to and dissociate from the endosome
membrane [20, 54]. The binding energy AE,, between the membrane and the coat is proportional to the local ESCRT density p and the coat

area

AE, = _271_/000 w(p(S) — po)RdS, (4)

with p the binding energy per unit area. The second term in Eq. 4 subtracts the binding energy of a flat continuously coated membrane with
a uniform ESCRT density po.

The amount of ESCRT proteins that can bind to the endosome membrane is limited, as they experience an effective steric repulsion
(55, 56|, primarily generated by volume exclusion, which we approximate up to second order in p by the second viral coefficient vo. The

corresponding steric repulsion energy AFEs, is written as

AEs = 271_/‘000 I/Q(p(S)2 - pg)R. (5)

The second term in Eq. 5 subtracts the energy of a flat, uniformly coated membrane. Protein crowding has been shown theoretically and
experimentally to be a mechanism that facilitates membrane deformation [56, 57]. Together, the binding energy (Eq. 4) and the steric
repulsion (Eq. 5) represent the crowding effect that stem from the supercomplex of cargo proteins, ESCRT and clathrin.

The total change in energy AFE as we start from a flat membrane and progress towards a budding membrane, is at each stage in the process

given by the sum of the five energy contributions
AFE = AEg + AE, + AE,; + AE, + AFs. (6)

A non-uniform distribution of ESCRT proteins will lead to an additional energy term that penalizes large gradients in the density profile,
which leads to an effective line tension at the boundary between the ESCRT-free and the coated region. However, this line tension contribution
is a very small correction to the membrane energy (Supplementary information) and is neglected here. A spontaneous curvature induced by
a protein-scaffold is not expected to play a significant role in ILV budding as in — vitro experiments using GUVs have shown that ESCRT's
do not coat ILVs [13]. In addition, a spontaneous curvature induced by cargo proteins can be disregarded as a cause for membrane shape
remodeling, since ILVs serve as a sorting compartment for a large variety of transmembrane proteins and there is no biophysical indication
that these proteins all induce the a simiar spontaneous curvature [58].

The ratio of the specific binding energy p and the proportionality factor of the Gaussian bending rigidity ~g defines an inverse length

scale Cg that we use to express the membrane energy in dimensionless variables,

Cg =/ 1/ 7e- ()
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We will show below that Cy corresponds to the mean curvature of the ESCRT-free ILV. The ratio of 1 and the second virial coefficient vg
defines a density po, which is the baseline ESCRT density on the flat membrane pg = ﬁ Furthermore, we introduce the non-dimensional
numbers & = 20/(upo) and € = poyeg/k = wye/(2v2k), which dictate the energy landscape of the membrane remodeling process. o describes
the ratio between surface tension and binding energy, which increases for a high surface tension and for a small p or a low po, i.e., for a weak
interaction between the ESCRT proteins and the endosome membrane or for a low ESCRT density on the non-deformed membrane. The
tension o in biological membranes can vary quite significantly o N 107% — 1073N/m [59, 60, 61]. The interaction energy between biological
membranes and proteins is typically in the range of p &~1kgT [62]. The size of ESCRT proteins is in the order of 10nm [51, 63, 52], which in
turn leads to an estimate for the ESCRT density of pp ~0.01 nm~2. Combining these data gives us the expected physiological range of the
dimensionless number 5=0.01-10. € describes the ratio of bending rigidities associated with the mean and the Gaussian curvature, which are
typically in the same order of magnitude [64] and we expect e = O(1).

ESCRT density on the endosome: The ESCRT proteins form a stable microdomain at the endosome for several minutes. However,
individual ESCRT-proteins are rapidly exchanged within a few seconds [54, 20], which suggests that the ESCRTs can quickly adopt their

local density to changes in the membrane curvature in order to minimize the overall energy. By minimizing Eq. 6 with respect to the ESCRT

density p gives us a relation between p and the principal curvatures

(8)

We see from Eq. 8 that the ESCRT density is uniform with p = pg when C1 = 0 or C2 =0, i.e., on a flat membrane. In contrast, the protein
density is reduced where the membrane exhibits a positive Gaussian curvature, i.e., at the center of the budding vesicle, while p increases in
regions of negative Gaussian curvature, i.e., in the neck region of the vesicle. Eq. 8 reveals that an ESCRT-free membrane bud, with p =0,
follows from a spherical membrane shape, where both principal curvatures are given by C1 = C2 = Cg. The curvature Cy of the ESCRT-free
region (Eq. 7) is determined by a balance between binding energy and the Gaussian bending rigidity. To gain a deeper understanding of
the parameters that determine the vesicle curvature, we consider the individual contributions to the membrane energy Eq. 2-6. There are
two terms that can generate a negative contribution to the energy: the binding energy AE, and the Gaussian bending energy AEg. For a
uniform ESCRT coat the Gaussian bending rigidity is constant along the membrane, which means that AFEg becomes zero according to the
Gauss-Bonnet theorem [65]. In contrast, if a coat-free membrane bud forms, the system gains energy in the form of a Gaussian bending energy
but pays an energetic penalty due to a reduced binding energy. It is the balance between binding energy and Gaussian bending rigidity that
determines the curvature of the ESCRT-free ILV.

Endosome membrane shapes and ESCRT density profiles: The membrane shape and energy depend only on the curvature Cg
and the dimensionless numbers € and . In Fig. 1c and [15] we determine an average ILV diameter of 46nm, which is equivalent to a curvature
Cg ~0.04 nm~!. Defining the curvature Cg from experimental measurements enables a reduction of the number of free parameters in our

model to just two, € and o.
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Figure 3: Vesicle budding: We compare the experimentally obtained endosome shapes with the minimal energy shapes (Eq. 6) for different
angles o, when € = 2 and & = 0.1. (top row) Experimental membrane shapes are grouped into three categories: pit-shape (o = 0.357), U-shape
(¢ = 0.57) and Q-shape (a = 0.77). For each subgroup the average shape is shown as a solid green line, while the standard deviation is
indicated by the shaded area. The ESCRT-free vesicle bud is shown by the solid black line, while the coated region is shown by the red dashed
line. (bottom row) The ESCRT density is shown along the membrane for the three characteristic shapes, which exhibits an elevated ESCRT
density in the neck region.

If the membrane adopts a spherical shape with a mean curvature Cyg, the ESCRT-free area is given by A¢ = 27r/C§(1 — cos @), with a the
angle formed between the tip of the bud at the Z-axes and the start of the ESCRT coated region as illustrated in Fig. 2. To understand how
the membrane energy changes as this region increases, we minimize the total energy Eq. 6 under the constraint that « is fixed. We have fixed
€=2.0 and 0=0.1, which leads to an energy barrier that is similar to our analytical estimate based on the characteristic ESCRT-recruitment
time scales, AEg =0.6kgT. Fig. 3 shows the quasi-static membrane shape predicted by our mathematical model and the ESCRT density
together with the experimental membrane shapes. The experimental ILV shapes are illustrated by the solid lines, while the standard deviation
is indicated by a shaded area, obtained from ten budding profiles each [15]. From the comparison between the mathematical model and the
experimental data we determine the opening angle «=0.357, 0.57, 0.77, corresponding to pit-shape, U-shape and 2-shape.

We turn next to see if the model can also help to understand the in — vitro experimental observations based on GUVs, which have also
demonstrated ESCRT-mediated membrane budding in the absence of ESCRT-III. The size of the vesicles formed in these experiments, with
a typical vesicle diameter in the pm range, differs largely from ILVs [13]. According to Eq. 7 the size difference stems from a variation of
the specific binding energy p or the Gaussian bending rigidity, quantified by the proportionality factor v5. We expect that the capability
of ESCRT proteins to induce a Gaussian bending rigidity to be similar in both the in-vivo and in-vitro system, giving nearly the same ~g.
The variation in vesicle size is therefore attributed to different values of the specific binding energy u, which we suspect is lower in GUV
experiments as they lack cargo proteins. A significant increase of the ESCRT density was found in the vesicle neck region on GUVs [13],
which is also predicted by our theoretical model (Fig. 3). We observe that when the membrane has an Q- shape, the ESCRT density profile
has a pronounced maximum in the neck region that is six times greater than pg.

ESCRT-mediated membrane deformation does not require energy: In Fig. 4a) we show how the membrane energy depends on
a as we go from a flat membrane (o = 0) to an Q-shaped membrane (a/7m — 1) for three different combinations of € and o, where e=2.0
and 0=0.1 correspond to physiologically realistic values, while e=1.3, =0.5 ande=0.6 and ¢=0.9 result in an energy barrier that cannot be

overcome by thermal fluctuations and thus prevents ILV formation.
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Figure 4: Energy barrier: a) To understand how the energy changes with the shape changes of the membrane, we plot AEgp as a function
of the opening angle « for (I) e =2.0, 5=0.1; (II) e =1.3, =0.5 and (III) € =0.6, =0.9. The energy landscape (I), solid red line, corresponds
to the membrane shape transition shown in Fig. 3. Inset: The maximum of the energy for ¢ =2.0, =0.1 is found around a/7=0.04. To
convert the energy into units of kgT, the bending rigidity is set to k=10kgT [23]. b) We plot the different contributions of AE} (Eq. 1-5)
together with the total energy Eq. 6 for (I) e=2.0, 3=0.1 to help illustrate which part produces a positive (inhibiting ILV formation) and
negative (promoting ILV formation) energy. It is clear that both steric repulsion of proteins and bending of the membrane is energetically
costly, while the Gaussian bending energy becomes negative and grows in magnitude as ILV formation takes place (a/m —1). ¢) We scan the
phase space in € (ratio of the bending rigidities associated with the mean and the Gaussian curvature) and & (ratio of surface tension and
binding energy) in numerical simulations to determine their influence on the energy barrier AEg. The magnitude of the energy barrier is
shown as a color map with a logarithmic scale. The threshold energy barrier for passive ILV formation is illustrated by the solid line when
AFEp=2.0kgT and the analytical estimate for the energy barrier of ILV formation, AEg=0.6kgT is shown by a dashed line.

To better understand which part of the energy contributions dominates during the shape transition we show the individual contributions
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to the energy together with the total membrane energy for e=2.0, 5=0.1 in Fig. 4b). The change in both binding energy (Eq. 4) and surface
tension (Eq. 3) are small compared to the overall change in energy. The energy generated by the steric repulsion of proteins (Eq. 5) and the
bending of the membrane (Eq. 2) both increase continuously, thus opposing ILV formation. The only sizeable negative contribution comes
from the Gaussian bending term (Eq. 1), which dominates the total membrane energy as the membrane shape approaches scission (/7 — 1).
The divergence of the Gaussian energy as the angle approaches a/m — 1 is a characteristic of the large local variation of the Gaussian bending
rigidity. Theoretical studies have shown that a partially formed vesicle and a finite vesicle neck is not stable, i.e., the energy diverges, if the
variation in Gaussian bending rigidity is large compared to the bending rigidity associated with mean curvature [66].

Next, we scan the phase space of € € [0.5—2.5] and & € [0—1] in numerical simulations, where we minimize the energy (Eq. 6) to determine
the magnitude of the energy barrier AER as a function of a. In Fig. 4c), we see that AEp decreases with increasing € and decreasing o. In
Fig. 4c) we illustrate the region where an ILV is formed passively, by drawing a solid line for AEg=2kgT, which for a bending rigidity of
k=10kgT [23] is equivalent to AFp/(mk) ~0.06 in dimensionless units. In addition, we show a dashed line for AEg=0.6kgT as determined
by our analyzes as an estimate for the energy barrier of ILV formation. The phase space in Fig. 4c) shows that passive ILV formation is
feasible for a wide range of values for o and ¢. Neck closure: In — vitro experiments on GUVs have shown that ESCRT-III and Vsp4 alone
are sufficient to induce vesicle formation with an inverse topology, similar to in — vivo ILV budding [67]. However, in ILV formation both
early ESCRTs (ESCRT-0, -I, -II) and ESCRT-III as well as Vsp4 and cargo proteins are present, which play different and crucial roles in
cargo sorting and ILV formation. The mathematical description of the ILV formation puts us in the position to relate the ESCRT recruitment
dynamics with the transient membrane shapes. We determine the amount of excess ESCRT proteins (An) as the integral over the protein

density on the membrane, where the ESCRT density exceeds the baseline value pg. In rescaled units An reads as

(oo} oo
An:/ 7‘(17£>d5:/ dibsind):lfcosoz7 9)
e P0 o ds

with s* the arc length where the ESCRT coated region begins. While the membrane under goes a shape transition from a flat surface to
an 2-shape, An appears to increase continuously. The experimental measurement of the fluorescent signal of ESCRT-0 is proportional to
An. Hence, Eq. 9 enables us to determine the shape evolution in terms of the time dependency of a from the fluorescent ESCRT-0 signal
(Methods section). The corresponding time evolution of a, shown in Fig. 5b, reveals a continuous rather than a jump-like vesicle formation
in accordance with the experimental observations (Fig. 5a and [15]).

ESCRT-III mediated scission of the membrane neck is the final step of ILV formation and ESCRT-III exhibits a preferred binding to curved
regions of the membrane [27]. To quantify the membrane curvature in the ILV neck, we define the magnitude of the rescaled Gaussian

curvature as Kg := (Cég2> at the boundary between ESCRT-free and - coated region. Fig. 5c¢ shows K for six combinations of o and
neck

g

€, with € € [2.0,2.5] and o € [0.0,1.0], i.e, in the regime of passive ILV formation, where we see that all data points collapse on to a single
curve exhibiting the same behavior. It illustrates that even though the energy barrier strongly depends on €, the Gaussian curvature is a key
feature of the membrane shape depending only marginally on the parameters o and ¢, i.e., the membrane shape is robust towards fluctuations
in membrane tension and bending rigidity. By comparing the fluorescent signal of ESCRT-III and the Gaussian curvature in the neck region,
we speculate that the steep decrease of the Gaussian curvature K, tiggers the assembly of ESCRT-III and subsequently leads to membrane

scission forming an ILV.
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Figure 5: ESCRT-III recruitment: a) The experimental signal intensity of fluorescently labeled HRS (ESCRT-0) and CHMP4B
(ESCRT-III) is shown as a function of time. The average over 23 isolated signal curves is shown together with the standard deviation (shaded
area). The fluorescent signal of ESCRT-0 is proportional to the amount of adsorbed proteins, which allows us correlate the magnitude of the
fluorescent signal with the opening angle o (Methods Section). Figure reproduced from [15] b) By combining the experimentally measured
time evolution of the fluorescent marker with the theoretically predicted membrane shapes, we determine the time evolution of o according
to the fit in subfigure a. ¢) The Gaussian curvature in the neck, i.e., at the boundary between ESCRT-free and - coated region, is determined
for six different combinations of €, &, with € € [2.0,2.5] and & € [0.0,1.0]. The Gaussian curvature strongly increases in magnitude as the
membrane transitions from a flat to an Q-shape.

Discussion

By combining mathematical modeling and cell biological data we are able to point to the biophysical determinants that facilitate ILV budding
by early ESCRTSs, which is a consequence of the interplay between ESCRT-induced Gaussian bending rigidity and their crowding on the
membrane. Our mathematical model highlights that while ESCRT dissociation at the budding site is biologically desirable, since it enables
the cell to reuse the ESCRT proteins, it is also a physical prerequisite to form an ILV as the systems benefits from the negative energy from
Gaussian bending only if the Gaussian bending rigidity, or equivalently the ESCRT-density, is non-homogenously distributed at the membrane.
The ILV size is set by a balance between the loss of binding energy in the ESCRT-free region and by the increase of the Gaussian bending energy
in the neck region. Our model predicts; (i) a high density of ESCRT's in the membrane neck, (ii) the shape of the endosome membrane during
budding (pit-, U- and Q- shape), (iii) vesicle formation to be a continuous process in time, all in accordance with experimental observations.

By treating the experimental time scales for recruitment of ESCRT's as a diffusive process we analytically predict the energy barrier the
system must overcome to form a vesicle AEg ~ 0.6kgT. Furthermore, our mathematical model that accounts for membrane bending, binding
and crowding of proteins, and the spatial distribution of the early ESCRTSs, shows that membrane budding is a self-organized passive process,

that does not need ATP consumption, which explains, why it is sufficient for the ATPase Vps4 to bind to the ESCRT complex in the final
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stage of membrane constriction and scission [19]. By scanning the phase space in the ratio of bending rigidities (¢) and the ratio of the surface
tension and the binding energy (o) in numerical simulations, we show that ILVs may form passively over a wide range of parameters. Thus,
to inhibit membrane budding the system must be perturbed such that the energy barrier exceeds beyond the range that can be affected by
thermal fluctuations. We predict that a change in membrane tension by a hypertonic shock (changing ), would suppress ILV formation.
The energy landscape is also sensitive to changes of the bending rigidities (changing €), which leads us to speculate about the role of the
clathrin layer that is bound to the ESCRT microdomain. The physical properties of the clathrin layer are not yet understood. We have shown
earlier that ILV formation is severely impaired in the absence of clathrin recruitment to endosomes [15], which we can now rationalize in the
framework of our model, where absence of clathrin binding corresponds to an effective decrease the binding energy p (i.e. € is reduced) and
stalls ILV formation through a higher energy barrier.

We used the predicted ESCRT density from the quasi-static theoretical model to correlate it to the increase in the fluorescent intensity
of ESCRT-0, which gives a prediction of the opening angle o over time. Our analysis point to a continuous rather than jump-like transition
from a pit-shape, to a U-shape and an §2-shape, in concordance with the fact that there are no overweight in samples for either of these shape
categories found in the TEM images of different endosomes and at random time points in the budding process. Together this leads us to argue
that early ESCRTSs play a crucial role not only in sequestering cargo proteins, but also in the membrane shape remodeling in accordance with
earlier work on GUVs [13]. Importantly, our data points to the early ESCRTSs as determinants for the initial membrane budding: Fluorescence
microscopy data shows that ESCRT-0 and ESCRT-I get enriched at the endosome membrane over several minutes. On a flat membrane this
would lead to a significant increase in steric repulsion between the ESCRT proteins and an energy increase. Instead, the system evades an
energetic penalty by forming a membrane bud in the pathway to ILV formation.

The membrane shape transition is accompanied by a steep decline in the Gaussian curvature in the neck region, which we believe is a
trigger for ESCRT-III assembly to facilitate membrane scission, since ESCRT-III binds preferentially to negatively curved membranes [27].
Qualitatively similar ESCRT-III recruitment dynamics have been found in HIV budding [68], where Gag proteins assemble on the membrane
over a longer time span, while ESCRT-III shows a spike-like recruitment over time. HIV budding, where the Gag proteins cause an effective
spontaneous curvature [69, 68], resembles ESCRT-induced ILV budding morphologically. In particular, the formation of a curved membrane
neck, is likely a prerequisite in both cases to promote ESCRT-III assembly [27].

Together these observations show that the experimentally measured increase in the fluorescent signal of early ESCRTs is a hallmark of the
change in membrane shape at the endosome. This implicates the early ESCRTSs together with clathrin and cargo proteins in the membrane
remodeling process and adding to their role as cargo sorting molecules. The generic nature of protein crowding and a spatially varying
Gaussian bending rigidity on cell membranes suggest that the developed model can have implications beyond understanding budding of ILVs

by early ESCRTSs, as it may also help understand other membrane remodeling processes.
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Methods

Electron microscopy and measurements: HelLa cells were grown on poly-l-lysine coated sapphire discs. To label newly internalized EGFR following
EGF-stimulation, cells were first washed with ice cold PBS and incubated on ice with an antibody recognizing the extracellular part of EGFR (mouse
anti-EGFR, Pharmingen). After washing four times with ice cold PBS, cells were incubated with Protein A-10 nm gold conjugate (UMC Utrecht Dept.
of Cell Biology) which recognizes the Fc portion of the mouse IgG2b primary antibody. Cells were again washed four times with ice cold PBS and
then stimulated with EGF in warm DMEM for indicated amounts of time before high pressure freezing was done. Sapphire discs were high pressure
frozen using a Leica HPM100, and freeze substitution was performed as follows: sample carriers designed for sapphire discs were filled with 4 ml of
freeze substituent (0.1% (w v-1) uranyl acetate in acetone, 1% H20) and placed in a temperature-controlling AFS2 (Leica) equipped with an FPS
robot. Freeze-substitution occurred at -90°C for 48 h before the temperature was raised to -45°C over a time span of 9 h. The samples were kept in
the freeze substituent at -45°C for 5 hours before washing 3 times with acetone followed by a temperature increase (5°C per hour) to -35°C, and then
infiltrated with increasing concentrations of Lowicryl HM20 (10%, 25%, 75%, 4h each). During the last two steps, temperature was gradually raised to
-25°C before infiltrating 3 times with 100% Lowicryl (10 h each). Subsequent UV-polymerization was initiated for 48 h at -25°C, and the temperature
was then evenly raised to +20°C (5°C per hour). Polymerization then continued for another 24 h at 20°C. Serial sections (~150 nm for counting
ILVs in endosomes; 150-250 nm for tomography) were cut on an Ultracut UCT ultramicrotome (Leica, Germany) and collected on formvar coated
mesh grids. Samples were observed at 80 kV in a JEOL-JEM 1230 electron microscope and images were recorded using iTEM software with a Morada
camera (Olympus, Germany). Samples that were prepared for tomography were observed in a Thermo ScientificTM TalosTM F200C microscope and
image series were taken between -60° and 60° tilt angles with 2° increment. Single-tilt axes series were recorded with a Ceta 16M camera. Tomograms
were computed using weighted back projection using the IMOD package. Display and segmentation of tomograms were also performed using IMOD
software version 4.9 70. Measurements of endosome and ILV diameters were done in FIJI with the measurement tool.

Energy minimization: We rescale all lengths with Cg giving the dimensionless variables: s = Cy - S, r = Cg - R, ¢¥(S) — ¢(s). By introducing this
scaling of the variables we rewrite Eq. 6 in dimensionless form as

AE [ d¢ sin 2 P 2
?7/0 [r<£+ . ) +er(p—0—1> (10)

d
+ 2¢L aé sin ¢ + oer(l — cos ¢):| ds.
po ds

For any angle o the membrane shape in the inner region is described by a spherical cap with rescales mean curvature 1. The shape as well as the
energy contribution in rescaled units are hence obtained analytically as r = sin ¢, z = 1 — cos ¢ and Eipner = mk(1 — cosa) [4 + (5 + 1)e] — Ge/2sin? a.
To minimize the total energy in the outer region numerically, we define a total arc length senq at which the angle ¢ reaches zero. We set Sena = 15 to
approximate the limit of an infinitely large surface. Similar to the method described by Rozycki et al. [39] we describe the angle ¢ in the outer region
as a truncated Fourier series:

Send

The radius r is then obtained from the relation dr/ds = cos¢. The prefactors ¢; are obtained by minimizing the energy Eq. 10 using the python
basinhopping routine [70] (Supplementary information).

Fluorescent signal fit: The intensity of the experimentally measured fluorescent signal f is assumed to be proportional to An. To relate both
quantities, we recall that the membrane shapes, which are closest to a fully formed ILV are 2-shaped with an angle a=0.77. We therefore assume the
maximum of the fluorescent signal to correspond to An™ = An(a = 0.77) = 1.59, which allows to predict how « varies in time in the experiment by
fitting the fluorescent signal (Fig. 5a) to

f(t) = 1_+§f(t>,with alt) == [ao + (t _Tt°>2} , (12)

with the fit parameters a9=0.32, tp=-3.9min, 7=6.6min, where 7 describes the characteristic time over which the fluorescent signal increases and «g

together with to account for an offset due to the background noise of the fluorescent signal.
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Supplementary information

Endocytic Pathway

In Fig. 6 the role of ILVs within the endocytic pathway is shown schematically.

Cargo proteins @D ESCRT/clathrin coat

Extracellular space

ﬁathrm -mediated (‘ 5\, . Cytosm
endocytosis \\ ’ ESCRT-mediated ILV formatnon

\£ () Endocytic H

vesicle

Sorting
endosome

Lysosomal
degradation

Endosome undergoing
ILV formation

Multivesicular
endosome

Figure 6: Endocytic pathway Transmembrane proteins (cargo), for example activated growth factor receptors, can enter the degradative
endocytic pathway via endocytosis. To allow degradation in the lysosomes by lysosomal digestive enzymes, the cargo needs to be internalized

into intraluminal vesicles (ILVs). Cargo sorting and the formation of ILVs is mediated by the ESCRT machinery, giving rise to multivesicular
endosomes.

Energy Barrier

For a diffusive process in one-dimension in a harmonic potential E of the form E(x) = 4AEg ¥ (1 — %), with the energy barrier Ep, the
diffusion coordinate z and the maximal value of the diffusion coordinate L, Kim et al. derived the following expressions for the transition
path time 74, i.e. the time to cross the barrier if the process starts at =0 and does not return to =0, and the waiting time 7wt¢, i.e. the

mean time to cross the barrier, when starting from x=0, where the process may return to =0 multiple times [47]:

L2 [1 2 AEp AEp
ﬁ[é_RkBT] kT <1
T4 R ) 1n(2e’¥e abp N . (13)
%ﬁ%,with Ye ~0.577 the Euler gamma constant 7% > 1
8EpT B

_ Eﬂerf(\/AEB/kBT)erﬁ(\/AEB/kBT) (14)
™E D SAEg kT

Here, D is the diffusion constant. Eq. 13 and Eq. 14 show that the ratio 7q/7wt only depends on the energy barrier AEg. Fig. 7 shows the

ratio 74 /7wt as a function of the energy barrier. For a small energy barrier the curve approaches as value of 7q/7wt=1/3. The experimentally
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obtained value for the transition path time and the mean first passage time are: 7q=(161494)s, 7wt(203+47)s [15], with leads to a ratio
0.3< 7q/7wt <1.6 (indicated as gray shaded are in Fig. 7 ). Hence the upper limit exceeds the maximal theoretical value of 1/3, which we
attribute to the shape of the energy landscape, which is not a perfectly harmonic potential for the case is ILV formation. Within the limit of

the experimental uncertainty, we obtain an upper limit for the energy barrier of AER ~0.6kgT.

100 i
\‘~‘\
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Figure 7: Energy barrier The ratio of transition path time and waiting time in dependence of the energy barrier AEg (Eq. 13 solid line,
Eq. 14 dashed line). The range of experimental values is indicated as gray shaded area.

Mean and Gaussian Curvature

A key assumption in our theoretical model is that ESCRTs induce a concentration dependent Gaussian bending rigidity. The membrane
energy therefore depends on the mean curvature as well as on the Gaussian curvature. To gain a better understand on how mean and
Gaussian curvature proceed along the membrane shape, as the membrane transitions from a flat surface to a spherical vesicle, Fig. 8 shows
both curvatures for three exemplary membrane shapes. The same shapes are shown in Fig. 3a in the main text.

We rescale both mean and Gaussian curvature with the ILV curvature Cg:

dy + sin ¥
Mean curvature: Km = das R (15)
20,
dy sin ¢
Gaussian curvature: kg = 45 R (16)
ez
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Figure 8: Mean and Gaussian Curvature The membrane shape is shown for different angles «, corresponding to the three categories:
pit-shape (a = 0.357), U-shape (o = 0.57) and Q-shape (o = 0.7m). The top row shows the mean curvature along the membrane shapes.
The bottom row shows the Gaussian curvature along the membrane shapes.

Simulation Method

The minimal energy shape of the outer region is obtained by parametrizing the angle ¢ as

N
(Z)(s):oz(lf 5 )JrZ(z)isin(ifr 5 ) (17)
i=1

Send Send

The prefactors ¢; are obtained by minimizing the energy Eq. 10 using the python basinhopping routine [70] with 100 iteration steps and an
initial step size of 0.01.

To optimize the number of terms N, we perform an energy minimization considering only the bending energy Eq. 2. Evidently the energy
is minimal and equal to zero, if the mean curvature is zero. Hence, a membrane only subjected to bending energy is a suitable test case to
compare the numerically and the analytically obtained minimal energy shape.

In Fig. 9 the membrane shape of the outer membrane region is shown in dependence of the angle « for different N. As initial guess, we set
the prefactors to ¢1=-1.6 and ¢;=0 for ¢ >1. With increasing N the energy curve approaches the analytic result of E,=0. N=30 does not

lead to a significant improvement compared to N=25. For numerical efficiency we hence chose N=25 for all simulations.
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Figure 9: Bending Energy The numerically obtained bending energy of the outer membrane region. For a zero-mean-curvature shape the
bending energy is zero, independent of the angles a.

For all N the numerically obtained bending energy deviates significantly from E,=0 as « approaches w. Hence, the bending energy is over
estimated around a = 7. However, the energy curves investigated in the main text show a maximum for much smaller «, i.e. numerical error

around a = 7 do not influence our findings reported in the main text.
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Figure 10: Membrane Shape Numerically obtained minimal energy shape (dashed, black line) and zero-mean-curvature shape (solid, red
line). The shapes are shifted in z-direction for better visibility.

As a further test, we compare in Fig. 10 the numerically obtained minimal energy shape with a zero-mean-curvature shape for N=25 and
different o, which shows good agreement. To determine the zero-mean-curvature shape we solve the following initial value problem with the

python odeint routine [70]:

d¢ _ _sing #(0) = a (18)
ds r

dr_ cos ¢ r(0) =sina (19)
ds

dz =sing z(0) =1 —cosa (20)
ds

The minimization of the full energy function Eq. 10 is performed in two steps. First, an energy minimization is performed considering only

the bending energy. The thus obtained prefactors ¢; serve as an initial guess for the second step, where the full energy function is minimized.
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Line Tension

A non-uniform protein density leads to an effective surface tension, which has an effect such that the density profile is flattened:

%) d 2 * * 2
AE, = 27r/ asx (22 & 2mape2 [ CLSDC2(5T) R(S*) (21)
o s Ce

2
Since the largest density gradient is found at the boundary between the protein coated and uncoated region, the term (%) is well

approximated by a delta-distribution around S*, with S* the arc length at the boundary of the coat-free vesicle. Hence, AFE) acts like a line
tension energy with an effective line tension )\p% that is scales by the Gaussian curvature at the boundary between coated and uncoated region.
Mercker et al. estimated the line tension of ESCRT-proteins in the range of )\pg ~0.005pN [40], which at about two orders of magnitude
smaller than the typical line tension of lipid rafts [71]. Assuming this value for the line tension was motivated mainly by the observation that
ECSRT-I and ESCRT-II do not form large clusters [13], which indicated a weak interaction among proteins.

To evaluate the impact of the line tension on the energy landscape, we write Eq. 21 in rescaled units as:

AE, ~ 5 o~ 2)2pd
= Ar(cie2) }S:s,‘ , with A = @ (22)
and ¢ = C1/Cg, c2 = C2/Cg. The rescaled radius at the boundary between coated and uncoated region is obtained analytically as

r(s*) = sin a, whereas the Gaussian curvature cjcz is obtained from the energy minimization for A=0. This approximation serves as an upper
limit of the energy term AE). In Fig, 11 the total energy is shown in dependence of « for e=2.0 and 7=0.1. For a curvature of Cg=(23nm) !,
a bending rigidity k=10kgT [23] and a line tension Apg:0.005pN the rescaled line tension becomes A=0.006. Fig. 11 shows that the energy
landscape is not significantly altered for A=0.006.

If we assume an effective line tension that is several orders of magnitude larger, the line tension hinders the formation of a vesicle, which seems
counter intuitive at first, since the radius at the boundary between coated and uncoated region decreases as the membrane transforms from a
U-shape to an Q-shape. However, the line tension is scaled by the squared of the Gaussian curvature at s = s*, which increases rapidly with

increasing « as a consequence, the term A\ [(01 02)2] opposes neck closure.
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Figure 11: Line tension a) Energy (Eq. 10 main text and Eq. 22) for €=2.0 and 5=0.1 and different X b) Squared rescaled Gaussian
curvature at the boundary between coated and uncoated region.
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