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Hypothesis
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Abstract In this work, a hypothesis is presented that could
explain the non-homogeneous lateral distribution of membrane
components in Golgi vesicles. It is shown that the non-homoge-
neous lateral distribution of membrane components and the
specific flattened shape of Golgi vesicles are strongly coupled. In
agreement with experimental evidence, it is indicated that some
of the membrane components may be concentrated mainly on the
curved bulbous rims of the Golgi vesicles, while the other
components are distributed predominantly in their flat central
part.
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1. Introduction

In Golgi bodies small spherical daughter vesicles are pinched
off predominantly from the curved rims of the large flattened
Golgi vesicles [21,26]. These protein-coated carrier vesicles
(also called COPI vesicles) are involved in transport through
the movement of Golgi bodies up and down the Golgi stack
and also in transport from Golgi bodies to endoplasmic re-
ticulum (ER) [26]. Although Golgi bodies and ER are con-
nected by bidirectional vesicular transport, they maintain
distinct membrane compositions [3,26]. The lipid composition
of the membrane gradually changes along the stack of Golgi
vesicles from ER (60% phosphatidylcholine, 25% phosphati-
dylethanolamine and 10% phosphoinositol) to that of plasma
membrane (25% phosphatidylcholine, 15% phosphatidyletha-
nolamine, 30-40% cholesterol, 10% sphingolipids and 5%
phosphatidylserine) [26]. This indicates that vesicular transport
between cell organelles is not random [26] and takes place only
between specific surface regions of the cell organelles. Such
organized transport may be achieved either by variation of the
lateral concentration of the membrane components that may
favor the formation of the thin necks (with very high aniso-
tropic curvature) connecting the daughter vesicles with the
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mother membrane [11,13,18,26], and/or by direct transport
through nanotubes or nanotube-directed transport of carrier
vesicles [4,15,25], where the nanotubes are attached only in
certain regions of the organelles’ surface. Indeed, it has been
indicated recently that at least for certain cargoes the Golgi-to-
ER transport routes are COPI independent [3].

Further, the protein and lipid composition of the carrier ves-
icles budding from the Golgi bodies and fusing with the ER is not
the same as the protein and lipid composition of the vesicles
budding from ER and fusing with the Golgi bodies [26]. All this
implies the lateral segregation of membrane lipids, i.e., the for-
mation of lipid domains, and the non-homogeneous lateral
distribution of membrane proteins [13,26] in the membrane of
Golgi bodies. A non-homogeneous lateral distribution of
membrane lipids has also been observed in lipid vesicles [10,12].
In red blood cells, a non-homogeneous lateral distribution of
membrane lipids and proteins has been indicated [5,8].

Understanding the mechanism that maintains the non-
homogeneous lateral distribution of lipids and proteins in bi-
ological membranes provides a major challenge in current cell
biology and the precise mechanism by which it is accomplished
remains to be established [13,26]. In this work, a possible
physical mechanism maintaining the non-homogeneous lateral
distribution of membrane proteins and lipids in Golgi vesicles
is proposed. The coupling between the characteristic shape of
Golgi vesicles with a thin plate-like central region and bulbous
rim and the non-homogeneous lateral distribution of the
membrane components is studied. It is shown that a non-
homogeneous lateral distribution of the membrane compo-
nents (proteins or lipids) is necessary for a Golgi vesicle to
have its characteristic flattened shape.

2. Theory

Biological membranes are multi-component mixtures of
phospholipids, cholesterol, glycolipids, lipoproteins, proteins
and other components. In our theoretical model, we assume
that the membrane is composed of an isotropic lipid bilayer in
which different kinds of mobile inclusions are embedded. The
inclusions may be membrane proteins, lipids, small lipid
clusters or protein-lipid complexes [7,19,20,23]. Inclusions
may in general be anisotropic [18]. For the sake of simplicity in
this work all inclusions are ascribed to the outer lipid layer;
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however, it is not excluded that some types of inclusions (such
as membrane integral proteins) may protrude through both
lipid layers. Inclusions can move laterally over the phospho-
lipid (bi)layer and also rotate around their axes normal to the
membrane, so that they can find a place and orientation in the
membrane that is energetically the most favorable [5,18].
Therefore, the equilibrium lateral distribution of inclusions in
the membrane is in general non-uniform. In our model, the
inclusions are treated as independent and indistinguishable
[18]. The excluded volume effect is not taken into account.
Interaction of inclusions with the surrounding membrane
affects the free energy of the membrane.

A mismatch between the effective intrinsic shape of the in-
clusions and the actual shape of the membrane at the site of the
inclusion gives rise to the single inclusion energy [6,18].
Starting from one inclusion, the equilibrium lateral distribu-
tion of inclusions is obtained by the methods of statistical
physics. To obtain the expression for the free energy of all the
membrane inclusions (F,), the equilibrium lateral area distri-
bution of the inclusions is inserted into the expression for the
free energy of the inclusions and integrated over the whole
membrane area 4 [18,19]:

N I [ <
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where ¢, = exp(—&,(H — Hy,)* /2kT — &(D* + D2,)/2kT), ¢
represents the strength of the interaction between an inclusion
of type i and the surrounding membrane, M is the number of
different types of inclusions, N; is the total number of inclu-
sions of type i, k is the Boltzmann constant, 7 is the absolute
temperature, C; and C, are the two principal curvatures,
H = (C,+ (,)/2 is the mean curvature of the membrane,
Huni = (Cim; + Com,;)/2 is the mean curvature describing the
intrinsic shape of a single membrane inclusion, while
D= (C, —(,)/2, Dy;=(Cim;— Com;)/2 are the curvature
deviators and d4 is the infinitesimal membrane area element.
The intrinsic curvature deviator Dy,; describes the intrinsic
anisotropy of a single membrane inclusion [20]. In accordance
with the definitions of C; and C,, C; is always larger than C,.
This is consistent with the definition of the curvature deviator
(D), which is always positive [20].

In order to determine the equilibrium lateral distribution of
membrane inclusions and the corresponding equilibrium vesi-
cle shape, the overall free energy of the vesicle membrane
consisting of two terms,

F=s3k [t - o+, @)

A

is minimized at constant volume (/) and area (4). The first
term is the local membrane bending energy, i.e., the bending
energy of the isotropic membrane bilayer without the inclu-
sions. Here, k. is the local bending modulus and Cj is the
spontaneous curvature [9]. The second term (F;,) describes the
free energy of the inclusions.

In the calculations, analysis is restricted to axisymmetric
vesicle shapes with equatorial mirror symmetry. The vesicle
shape is parameterized by a function of the form [5]

_ '\ J5
y(x)—i(a+1+(ma> F -, G)

including four free parameters («, f§, y and J). The symmetry
axis of the vesicle shape coincides with the y axis, so that the
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shape is given by rotation of the function y(x) around the y
axis. In the minimization procedure, the values of the free
parameters that give the minimal free energy (F) are sought.
Constraints requiring a fixed volume of the vesicle (7) and a
fixed area of the vesicle membrane (4) are taken into account.

To estimate the values of the interaction constants of the
inclusions, ¢;, we consider a pure one-component isotropic li-
pid bilayer. The free energy of a one-component lipid bilayer
can be simply derived using the single-molecule energy of the
lipid molecules in the same form as used in the derivation of
Eq. (1). If the lipid molecules are taken to be isotropic, then the
average interaction constants of lipid molecules can be esti-
mated as &; ~ keag ~ 10 kTnm? [20], where ap =~ 0.6 nm? is the
area per single lipid molecule and k. &~ 20 kT [22]. The inter-
action constants of larger and/or more anisotropic membrane
inclusions such as proteins, protein-lipid complexes, lipid
complexes and lipoproteins can be much higher. In this work,
we take & ~ 5000 kTnm? (see Fig. 1) which assumes that the
inclusion is a single membrane protein, protein-lipid complex
or a cluster of lipid molecules.

If the inclusion perturbs the lipid layer, the lipids in the vi-
cinity of the inclusion change their length and their tilt angle
with respect to the normal to the membrane surface [24]. In the
case of a rigid inclusion (protein), the excess free energy of the
perturbed monolayer per length of the inclusion perimeter
(AF /L) can be expressed up to the second order in terms of the
relative change of the hydrophobic monolayer thickness and
the average tilt angle, and their first derivatives [24]. Since we
consider the inclusion in a bent monolayer, the excess free
energy (AF /L) also depends on the radius of the inclusion R;.
Expansion up to the second order leads to a quadratic de-
pendency of (AF/L) on R;. Integration of (AF/L) along the
whole inclusion perimeter (of length L = 2nR; for a fixed in-
clusion radius R;) gives us the expression for the single inclu-
sion (excess) free energy E, which is a cubic function of R;.
Comparison of the thus determined expression for the single
inclusion energy E with the corresponding phenomenological
expression given in [18] allows us to estimate the interaction
constant ¢; & 3mk.R} /A (see [6]), where A =~ 1 nm is the typical
decay length of the inclusion-induced membrane perturbation
[24] and k. = 20 kT [22]. Estimation of the average inclusion
radius (R;) from the value of the interaction constant
& ~ 5000 kTnm? gives us R; ~ (&;/3mke)"* ~ 2.9 nm. In the
above estimation of the protein radius R;, the interactions

Fig. 1. Calculated equilibrium shape of the Golgi vesicle and the
corresponding lateral distributions of the membrane inclusions. Two
types of inclusions are considered: inclusions with zero intrinsic prin-
cipal curvatures (Cim,; = Com1 = 0) that prefer flat central regions
(dashed line) and inclusions with one large and one zero intrinsic
principal curvature (Cims = 27/Ro and Com» = 0) that prefer highly
curved regions on the vesicle rim (dotted line). Ny =N, =
50 - 8ntk./kT ~ 10*. The values of the other parameters are:
V=0.1 ~41'rR8/3 and & =&, = 0.0ZkTR% ~ 5000 kTnm?2, where Ry =
\/A/4m ~ 0.5 pm. The axisymmetric vesicle shape is parameterized by
expression (3).
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between the hydrophilic parts of the membrane components
were not taken into account. Also the intermolecular van der
Waals forces [17] were not considered and therefore R; < 3 nm.

3. Results and discussion

Fig. 1 shows the calculated equilibrium lateral distribution
of the membrane inclusions (components) and the corre-
sponding equilibrium shape of the Golgi vesicle obtained by
minimization of the membrane free energy (F) for two differ-
ent types of inclusions (i = 1,2). The lateral distributions of
the membrane inclusions are highly non-homogeneous. In-
clusions of one type are present mostly in the flat central region
of the vesicle, while inclusions of the other type prefer the
curved edge of the vesicle. The resemblance with the experi-
mentally observed shapes of real Golgi vesicles can be clearly
seen. Note that in the thin central region of the calculated
shape, the membranes are separated by a certain distance, as
observed in real Golgi vesicles [21].

The results presented in Fig. 1 are in accordance with the
most recent theory of transport of carrier vesicles between
different cell organelles which assumes that the space variation
of the membrane physical properties may determine the loca-
tion of the membrane bud, or the site of the fusion of the
carrier vesicle with the membrane of the organelle [26]. In the
case of the Golgi bodies, it was suggested that the COPI
proteins are concentrated on the curved bulbous rims of the
large flattened Golgi vesicles where budding of the COPI
vesicles takes place [26]. On the other hand, the bulbous rims
are depleted in sphingomyelin and sterol domains (rafts) that
tend to form flat bilayers [13]. Accordingly, COPI vesicles
contain significantly reduced levels of sphingomyelin and
cholesterol compared with their parental Golgi membranes [2].

A non-homogeneous lateral distribution of membrane
components and a different membrane composition of
daughter vesicles compared with their parental membrane
have been observed experimentally and also indicated theo-
retically in other membrane systems. For example, in ery-
throcytes the budding of the daughter exovesicles takes place
predominantly on the top of the echinocyte spicula [19], where
the local lipid and protein composition of the erythrocyte
membrane differs from that of the rest of the membrane since
the released vesicles have specific composition [8].

In Golgi bodies, a non-homogeneous lateral distribution has
also been indicated for lipid domains. Based on different
molecular shapes of lipid molecules (cylindrical, conical and
inverted conical) [1,17,20] and phospholipid—cholesterol com-
plexes (inclusions), it was proposed that the proportions of
different lipid domains in the flat central part of the Golgi
vesicle differ from the proportions of lipid domains on the
curved bulbous rim [26].

The characteristic shapes of the flattened Golgi vesicles
cannot be explained within the standard bending elasticity
models of the bilayer membranes [22]. In such models, the
calculated equilibrium shapes of closed lipid bilayer vesicles
that most resemble the Golgi vesicles are the torocyte and the
codocyte vesicle shapes [9,14]. Such shapes have a thin central
region where the membranes on both sides of the vesicle are
always in close contact [9,14]. However, as can be seen under
the microscope [21], the adjacent membranes in the thin central
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region of the large flattened Golgi vesicle are always separated
by a certain distance, as predicted in Fig. 1.

If the calculated distance between the inner surfaces of op-
posing membrane in the flat central region of the vesicles is
small enough, then the long-range electric double layer repul-
sion should be taken into account in the minimization proce-
dure. The sugar residues attached to proteins and lipids on the
inner surface of Golgi vesicle abolish the short-range attractive
van der Waals and the short range attractive or oscillatory
hydration forces between the internal surfaces of the vesicle in
its flat central region as the estimated range of these forces is
not longer than 2 nm [16].

In our theoretical predictions (Fig. 1), the applied value of
5000 kTnm? for the interaction constant & is much larger than
the corresponding value for a single isotropic lipid molecule.
This means that the candidates for inclusions are membrane
proteins, protein—lipid complexes or very small clusters of lipid
molecules (nanorafts). Very small rafts may coalesce into lar-
ger rafts [13] upon curvature-induced clustering of nanorafts.

In conclusion, we presented a hypothesis that successfully
explains the coupling of the observed non-homogeneous lat-
eral distribution of the membrane proteins and lipids, and the
specific flattened shape of Golgi vesicles. In spite of the com-
plexity of the real system and the simplifications assumed in
our theoretical model of the membrane, the theoretical results
presented may add to a better understanding of the mecha-
nisms that maintain the non-homogeneous lateral distribution
of membrane components in the membrane of the flattened
Golgi vesicles. The predicted non-homogeneous lateral distri-
bution of membrane components is in accordance with recent
experimental evidence, indicating that COPI coats and also
other membrane constituents are concentrated in certain re-
gions of the Golgi vesicles [13,26].
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