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ABSTRACT

B.-glycoprotein I (B.GPI) is a plasma protein capable of binding reversibly to
membranes, and is classified among the amphitropic proteins. Part of the protein intercalates
into the outer membrane leaflet, altering the difference between the preferred areas of the
membrane leaflets, which results in membrane shape transformations. Budding, as a specific
example of such shape transformations, was studied using giant unilamellar vesicles. Our aim
was to identify the vesicle parameters that influence the degree of membrane budding by
studying this process qualitatively and quantitatively. A simple theoretical model has been
developed and assessed against the experimental observations. The results show that 3,GPI
binds in a concentration dependent manner, causing transitions between vesicle shapes with
increasing numbers of buds. Higher numbers of buds are characteristic of larger and/or more
flaccid vesicles. When the vesicle membrane is strained, a higher B,GPI concentration is
needed to produce the same effects as on the unstrained vesicle. Vesicles were found to be
highly individual in their behaviour, so each was treated individually. Specific vesicle
behaviour was found to be the consequence of the neck between the main vesicle body and
the buds, which could be either open, closed for the exchange of solution, or closed for the

exchange of both solution and membrane.



1. Introduction

The class of proteins defined as amphitropic [1] can translocate reversibly from the
cytosol/plasma into the membrane of cells. Three membrane binding motifs have been
proposed and described in detail [2]: (i) a lipid clamp that regulates the association of a
protein with a specific lipid headgroup, (ii) a covalently bound lipid anchor that embeds in the
membrane and (iii) an amphipathic helix that is embedded in the membrane parallel to the
membrane surface, in such a way that the hydrophobic face of the helix orients towards lipids
and the polar face to the aqueous phase. 3,-glycoprotein I (B.GPI) is an amphitropic protein of
type (iii) but a structurally distinct binding motif with a patch of positive charges and a
hydrophobic loop inside this patch.

B.GPI is a 50 kDa plasma protein. Its crystal structure reveals five domains connected
in an elongated fish-hook shape (Fig. 1a). While the first four domains are regular short
consensus repeats, the fifth domain differs structurally and functionally [3]. It contains a 20
nm® large patch containing 14 positively charged amino acid residues and a hydrophobic loop
that consists of seven amino acid residues. The loop is approximately 1.5 nm long, 1.2 nm
wide and 0.9 nm deep (Fig. 1a), and the area of the cross section of the loop of about 1 nm?.
These characteristics indicate that the fifth domain is implicated in the membrane binding
which is mediated by strong electrostatic interactions between its positive charges and the
negative charges of the lipid polar headgroups [4]. Binding of 3,GPI does not take place in the
absence of the latter. The affinity increases with increasing molar fraction of negatively
charged lipids in the membrane and decreases with increasing ionic strength of the medium
[5, 6, 7, 8, 9]. The association is further strengthened by hydrophobic interactions in which
the hydrophobic loop of the fifth domain is anchored into the outer phospholipid leaflet of the
membrane (Figs. 1b and Ic¢).

The biological role of B,GPI is not certain, but it is believed that when inserted in the
membrane it is recognized by antiphospholipid antibodies (aPL) [10] which are associated
with antiphospholipid syndrome, an autoimmune disease [11]. One possible example of
B-GPI involvement in cellular processes is the formation of apoptotic blebs on cells losing
transmembrane lipid asymmetry at the beginning of apoptosis. Abundant quantities of B,GPI
were detected in the blebs [12], suggesting that B,GPI plays a role in vivo in budding and
vesiculation of membranes. It could thus act as an immunological marker for macrophages

when removing liposomes or apoptotic cells [13]. In an earlier study of interactions of ,GPI



with giant unilamellar vesicles (GUVs) [14], buds were observed to form on the surface of
GUVs. Shape transformations of GUVs could thus constitute a promising tool with which to
probe the effects of this type of protein on membranes, in particular by quantitative evaluation
of the shape behaviour of flaccid GUVs in their presence. It is our purpose to identify the
vesicle parameters crucial to influencing vesicle behaviour in the presence of B,GPI. The
approach introduced in this study may also be of use in studies of the effects of a variety of
other proteins that have been identified to directly bind and deform membranes, e.g. proteins
involved in membrane traffic processes [15].

The outline of the paper is as follows: we first present a theoretical background for
mechanisms by which the binding of amphitropic proteins to the outer leaflet of membranes
affects vesicle shapes. This provides a lead for designing the most informative experiments.
The description and outcome of the necessary control experiments are presented in the
Supplementary information. The results of the dependence of budding of GUVs on [,GPI
concentration are examined critically in the Discussion by comparing them with the

predictions of the proposed model.
2. Theoretical background

Vesicle budding is a specific example of vesicle shape transformations. The fact that
amphitropic proteins affect vesicle shape indicates a coupling between their binding
properties and the elastic energy of the membrane. This coupling is manifested by the mutual
interdependence of the number of bound proteins and the vesicle shape. Here we shall treat
this problem by minimizing free energy of the system (G), which is the sum of the elastic
energy of the phospholipid membrane (W) and the free energy of the membrane bound
proteins (G,)

G=W+G, . (1)

In defining W we shall take into account that we are concerned with the shape
behaviour of flaccid vesicles, i.e. vesicles with excess membrane area with respect to the
vesicle volume. Because the membrane is composed of two phospholipid leaflets, the relevant
terms of the elastic energy of the vesicle membrane are the membrane-local [16] and non-
local [17, 18, 19, 20] bending energies, expressed as

1 2 1 k
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where k. and £, are the local and nonlocal bending moduli of the bilayer, respectively, C, and
C, are the principal curvatures of the membrane and C; is its spontaneous curvature.

Integration is over the preferred membrane area 4,. A4 is the difference between the areas of

the outer and the inner leaflets and is given by A4 = hf) (C, + C,)dA,, where h is the distance

between the neutral surfaces of the membrane leaflets, and AA4, the preferred (equilibrium)
difference between the areas of the outer and the inner leaflets.

The preferred membrane area, A4,, and the preferred area difference, A4y, can be
expressed in terms of the number of molecules of membrane components and their areas.
Since biological membranes and thus experimental membrane systems are multicomponent,
there is a possibility of multiple species of phospholipids in the membrane. We shall treat the
case in which the proteins are inserted into the outer leaflet of the symmetrical and laterally
homogeneous bilayer membrane. The element of the protein inserted into the outer leaflet
increases the preferred area of that leaflet while the preferred area of the inner leaflet remains

the same. 4, and A4, depend therefore on the number of bound proteins (Np). The preferred

areas of the outer and inner leaflets are then 4, = 2 Ay ;N,,; + ApNp and 4, = Z ANy,
i=1 i1

respectively, with A, ; the area of the i-th component of 7, species of phospholipid molecules
in the outer leaflet and of n, species of phospholipid molecules in the inner leaflet, N,;and N,
the numbers of the i-th component of n, and of n; species of phospholipid molecules in the
outer and the inner leaflets, respectively, and 4, the effective area of the protein insertion. The

vesicle preferred area is then [19]
1
A= E(Ao,z t 4,,) (3)

and the preferred area difference is

AAo = Ao,z - AO,I . 4)

The protein insertion also affects the spontaneous curvature of the outer leaflet and,
consequently, of the membrane (C). By taking into consideration the approximation that C,
depends on the intrinsic curvatures of the protein (Cp) and phospholipid molecules (C;;) of
the i-th component of n, species of phospholipid molecules in the outer leaflet and of n,
species of phospholipid molecules in the inner leaflet, the spontaneous curvatures of the outer

and inner leaflets are
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Co,z = (21 NZ,iAL,iCL,i * NpApCp)/Ao,z (5)

iz

and
Co = (z Nl,iAL,iCL,i)/AO,l . (6)
i=1

The spontaneous curvatures of the two leaflets thus differ, with a consequent non-zero bilayer

spontaneous curvature [19]

C, = (CO,I * Co,z) s (7

N | —

and Cy is proportional to the difference C» — C;. The elastic energy of the system (W) is equal
at given N, and A4,, if 4o, Ao, and C, of different membranes are equal, regardless of the

number of membrane components. For the sake of simplicity we therefore define the mean

area of phospholipid molecules 4, = 2 Ay ;N,;/N,, where N, is a total number of
=1

phospholipid molecules in the outer leaflet of the membrane.

The free energy of proteins bound to the membrane (G,), can be written in the form
[21]

G, = -eN, — kT(NolnN, — N,InN,, — (No — N,)In(No —N,)) , (8)
where € represents the energy of the interaction between the protein and the membrane, N, is
the maximal number of its binding sites, & is Boltzmann constant and 7' the absolute
temperature.

The equilibrium configuration of the vesicle can be obtained by minimizing Eq. 1.
Minimization with respect to the number of bound proteins (N,) is considered first where
bound proteins are in equilibrium with the external protein solution. This equilibrium is
obtained by equating the chemical potential of bound proteins with that of free proteins

0G/ON, = w+ kTIn(c/cy) , 9)
where L, and ¢, are constants and c is the protein concentration of the outer solution. From

Eq. 9 N, is obtained as a function of ¢

N, = K]Zofc (10
where

Kp= Kpe (11)
with
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KD,0=Coe T AT . (12)

Kpyo 1s a shape independent part of the binding constant.

Minimization with respect to vesicle shape can be carried out at fixed values of vesicle
volume and of numbers of lipid molecules and of proteins inserted in the membrane. Since Gp
does not explicitly depend on vesicle shape, only W has to be minimized. The result of the
minimization of W is the vesicle shape and the relation between A4 and AA4, [22, 20, 23]. The
number of inserted molecules depends on vesicle shape, because the elastic energy depends
on N,. Therefore K5 (Eq. 11) depends on AA4, i.e. on vesicle shape. The vesicle shapes at
relatively large AA, values are approximated well by a spherical main vesicle body and
spherical buds that may also be arranged as strings [24]. The fact that vesicle shapes, that are
compositions of spheres, may have only two different radii is taken into account [25].

We first determine how budding progresses as a function of the external concentration
of the amphitropic protein, by approximating the vesicle shapes as being composed of the
main spherical body and n spherical buds. At fixed vesicle volume and solution concentration,
its shape and N, depend only on n because the radii of spheres and the corresponding
difference between the areas of the outer and the inner leaflets (A4) depend only on the
number of buds. A4 is expressed by 8zhR,+ n8xhR,, with R, the radius of the main spherical
body and R, the radius of the bud. By assuming that the number of buds is an increasing
function of the concentration, the number of buds increases from n buds to n + 1 buds at
concentrations at which the free energies of the system (Eq. 1), calculated separately for » and
n + 1 buds, assume equal values. In this procedure N, is obtained from Eq. 10 separately for
shapes with n and n + 1 buds. The budding is found to depend on the degree of flaccidness,
which is conveniently measured by the reduced volume, defined as the ratio of vesicle volume
(V) to volume of the sphere with the same membrane area (4o),

3 13
T (13)

V

where Ry is the radius of a sphere with the same membrane area (R, = /4, /41 ).

The dependence of the number of buds (7) on the reduced volume (v), on the radius of
a sphere with the same membrane area (R,) and on the reduced concentration (¢/Kp,), is
shown in Fig. 2. Fig. 2a is a phase diagram showing the dependence of the number of buds (7)
on reduced volume (v) and reduced protein concentration (¢/Kp). Each zone limited by two
neighbouring curves defines a certain number of buds. At each transition 7 is increased by

one. Every time the vesicle undergoes a transition from »n to n + 1 buds, the bud size is



reduced because area and volume redistribute. At given ¢/Kp, for spherical vesicles (v close
to 1) significantly less pronounced shape transformations (lower n) are predicted than for
flaccid vesicles (v < 1). Vesicles with higher v have smaller buds than those with lower v but
the same number of buds. At a given value of v the final number of buds is limited, because of
the limited maximal number of binding sites on the vesicle. Fig. 2b shows the dependence of
the number of buds (n) on reduced concentration (c¢/Kp,) for different values of vesicle size
(Ro). It is evident that, at a given [3,GPI concentration, larger vesicles can produce more buds
than smaller vesicles. At larger Ry more buds are formed, due to an increase in A4, which
increases proportionally to Ry (Eq. 4) because N» is approximately proportional to N,, while

AA at the same shape increases proportionally to R.

3. Design of the experiment

The purpose here is to study the properties of the binding of 3,GPI to membranes and
the influence of such binding on the shape of an individual vesicle, observed under a phase
contrast microscope. Shape transformations of the chosen vesicle should not be disturbed by
other vesicles, e.g. due to B.GPI induced aggregation of anionic vesicles [26]. Also the
lipid:B,GPI ratio should be in favour of B,GPI. A procedure to isolate chosen vesicles from
the pool of vesicles by transferring them in the desired solution was therefore employed [24,
27, 14], modified because in our experiments we were interested in the B,GPI concentration
dependence of shape transformations of vesicles. B.GPI, in this case, was injected into the
solution with the isolated vesicle so that the outer concentration increased only slowly with
time.

Shape transformations should be as extensive as possible in order to observe them
under the microscope. The phase diagram in Fig. 2a shows the dependence of the number of
buds on v and ¢/Kp,, and it can be seen that the shape transformations are more pronounced
for flaccid vesicles, which were therefore used in our experiments. The use of flaccid vesicles
is also advantageous because the curves are steeper in the region of lower v and thus the
accuracy of its value is not so critical for the dependence of budding on ¢/Kp,.

Determination of vesicle dimensions is one of key elements of the study. Vesicles
floating in the solution are hard to follow and observe microscopically, and it follows that
their size and flaccidity cannot be easily characterized. In order to determine their shape,

vesicles were stabilized by falling to the bottom of the observation chamber. This is achieved



by creating a difference in density between the fluids inside and outside the vesicle, using

different sugars with equal osmolarities but different specific weights.

4. Materials and methods

4.1. Materials and equipment

Purified B.GPI was isolated and donated by the Department of Rheumatology,
University Medical Centre, Ljubljana, Slovenia. D(+)-glucose and D(+)-sucrose were from
Fluka, Switzerland. Phospholipids POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine) were obtained from Avanti
Polar Lipids, USA. Bovine serum albumin (BSA) was from Sigma, USA. Rat blood for the
isolation of haemoglobin was donated by the Institute of Pathophysiology, Faculty of
Medicine, University of Ljubljana, Slovenia. The ingredients of acid-citrate - dextrose (1:1)
anticoagulant, citric acid and dextrose were from Fluka, Switzerland, and sodium citrate was
from Riedel-de Haén, Germany. All the solutions were prepared in double-distilled and sterile
water. An Olympus IMT2 (USA) inverted microscope, (40x objective, NA = 0.55), was used
for phase contrast microscopy. It was equipped with a black and white CCD camera
Hammamatsu, C4742-95 (Japan) for image acquisition. Images of vesicles were analyzed
with Hammamatsu Hokawo 210 and Image J version 13.6b softwares. The dimensions of the
intercalated part of B.GPI as shown in Fig. 1 were analyzed by RasWin software. Protein
solutions were injected into the pit of the observation chamber by a Genie Plus syringe pump

(Kent Scientific, USA).

4.2. Preparation of 3,GPI

B.GPI was purified from pooled human plasma and checked by polyacrylamide gel
electrophoresis [28]. Prior to use it was dialyzed against 0.22 M glucose solution, firstina 2 L
flask with vortexing for 2 hours and then in a fresh glucose solution overnight at + 4°C. The
pH value was 8.7 where affinity of B,GPI towards membrane is sufficiently high [8]. The pH

remained stable for several hours.

4.3. Preparation of flaccid vesicles



We used giant unilamellar vesicles (GUVs) composed of 80 mol% neutral POPC and
20 mol% negatively charged POPS. The lipid composition was chosen in order to allow
B.GPI to bind to the vesicles in an electrostatic manner. Preparation of flaccid vesicles took
place in two stages: (i) GUVs were prepared using electroformation according to a
modification of the method [29]. The protocol for preparation of GUVs was described in ref.
[14]. GUVs prepared in such a manner are preferentially spherical, 30 to 60 um in diameter,
filled with 0.2 M sucrose solution and surrounded by isoosmolar glucose/sucrose (1:1)
solution. The GUVs were stored at a room temperature for a day to allow time to get rid of
abnormalities (tethers, tubes, etc.) that might have resulted during the procedure in
electroformation. (i1) Selected GUVs were then transferred using a micropipette into a
hyperosmolar (0.22 M) glucose solution to give suitable flaccid vesicles which were
recognized by the distinct membrane fluctuations. See Supplementary information for details
on preparation of flaccid vesicles, determination of shapes of flaccid vesicles and the

influence of gravity and micropipette transfer technique.

4.4. Injection experiments

A pipette (diameter 480 pm), tightly connected by a thin rubber tube to a syringe
pump, was inserted into the pit of the observation chamber containing the vesicle under
examination in 40 pL of 0.22 M glucose solution. The micropipette was filled with 50 uM
B.GPI in 0.22 M glucose solution. The tip of the pipette was placed in the upper corner of the
pit at the maximal distance from the vesicle, which was as a rule released from the pipette
close to the other end at the entrance to the pit. 2GPI was then injected at three intervals as
follows. 5 uL of B.GPI were injected into the solution containing the examined vesicle over
150 s followed by a pause of 150 s to allow the concentrations to equalize. The images of the
vesicle during the injection interval were recorded by a camera mounted on a microscope.
After the end of each injection the pipette was kept in the pit to avoid disturbing the vesicle.
The whole experimental procedure lasted about an hour and during this time no influence of
evaporation on v was detected. All experiments were conducted at room temperature. See

Supplementary information for details on control experiments.

5. Results
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Shape transformations of individual flaccid vesicles were monitored. 17 vesicles were
examined, of which about 50 % underwent no visible shape transformations, some of which
formed protrusions, e.g. tubes. The largest group of vesicles however formed buds. Five of
these were selected for detailed analysis for having buds sufficiently visible to be reliably
counted. The radius of the ring around the rim of the vesicle (R,), the distance from the rim of
the vesicle to the substrate (Z) (the method of their determination is presented in the
Supplementary information) and the final number of buds (7)) for these vesicles (A — E) are
listed in Table 1. The radius of a sphere with the same membrane area (R,) and the reduced
volume (v), calculated from the foregoing parameters, as described in the Supplementary
information, are also listed.

The time course of budding of vesicle B after the start of 3,GPI injection is shown in
Fig. 3. Budding started to be visible after a time lag of 207 s. During this time the vesicle did
not change shape. Buds were then ejected in a consecutive way from multiple membrane sites
like strings of buds, as indicated on the image at 600 s. The first budding series, occurring in
the time interval 207 s - 221 s, shown by an arrow at twelve o’clock position, consisted of
three buds. The second series, of 5 buds (236 s — 278 s), occured at five o’clock position, and
the third, out of 11 buds (317 s — 606 s), at eight o’clock position. The sizes of the buds in the
second and third budding series were smaller than those in the first. Other vesicles exhibited
similar behaviour, except that occasionally, e.g. vesicle C, strings of buds grew in parallel.
Vesicles with smaller v in general exhibited more buds on strings than those with higher v.
The latter usually had only one or a few buds on a string and tended to bud individually from
many sites. It was also observed that later in time (not shown) some buds detached from the
main vesicle body or from each other.

The time dependence of the number of buds (7) formed by membranes of vesicles A to
E is shown in Fig. 4. The dashed curve shows the increase of B,GPI concentration averaged
over the whole chamber volume, i.e. as if it were uniformly distributed at all times. n
increased with [,GPI concentration for all vesicles, in steps according to the injection
intervals, eventually reaching a plateau. For some vesicles (like A and B) the steps were very
steep. Buds were formed successively following injection steps. However, some vesicles, like
vesicle D, did not start budding before the second injection interval. There was a time lag in
the onset of budding after the start of injection, and budding was still occurring after the
injection stops. The behaviour of vesicles is characterized by R, and v. For example, case B
had significantly higher final number (7,) of buds and significantly lower v than case D which

had a similar R,. For vesicles with higher v and the same R,, n; was lower at the same protein
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concentration, indicating that more ,GPI had to be embedded in the membrane to create the
same number of buds. Moreover, larger vesicles (higher R,) also produced more buds than
smaller vesicles with the same v.

R, was observed to depend on # for all vesicles A to E (Fig. 5). R, at the beginning and
during the process of budding was measured where a decrease in that radius could have been

observed after an increase in 7.

6. Discussion

The previous qualitative study of the formation of buds on the surface of giant
unilamellar vesicles (GUVs) in the presence of B,GPI and their dependence on the vesicles’
state led to the suggestion that buds form because insertion of B,GPI into the outer membrane
leaflet increases the area of that leaflet, resulting in curvature enhancement and consequent
vesicle shape transformations [14]. In our research we investigated the shape behaviour of
individual vesicles when introduced to a solution with B,GPI at increasing concentrations in a
more quantitative way by defining vesicle parameters. First we will discuss the adequacy of the
experimental methods. The experimental work will then be analyzed with respect to the
theoretical modelling of the shape behaviour of vesicles after the insertion of proteins in the
outer membrane leaflet.

GUVs serve as an in vitro membrane system as they are cell-sized and can be
observed and manipulated under the microscope [30]. However, their use has some
drawbacks. They differ from each other (size, flaccidity, lipid composition of both membrane
leaflets) because of their inhomogeneity in the original solution as a result of the preparation
procedure. Because of their difference, different shape transformations (buds, tubes of
different lengths and widths, no shape transformations) are observed during the injection
experiment. As shown in Fig. 2a, flaccidity has an important impact on the shape of
protrusions. If reduced volume (v) is high enough no shape transformations are formed within
the experimental conditions. Also, at higher v smaller buds are observed which eventually
could be observed as tubes. It was observed in our experiments that only the most fluctuating
vesicles formed buds and the least fluctuating did not change shape. Because of many
different possibilities for the shapes of protrusions, the number of investigated vesicles
forming countable buds could not be very large. However, because it was our intention to

analyze behaviour of individual vesicles in order to recognize crucial vesicle parameters that
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influence their behaviour and not to study the effect on the whole population of vesicles, the
need for a high statistical number of cases was not necessary.

While size and v could readily be determined, the initial preferred area difference
(AA) is not easy to establish. Their behaviour is thus to some extent unpredictable. The
evidence for unpredictability of vesicles behaviour on account of different initial A4,seems to
be reflected by different time lags of the beginning of budding after the start of injection (Fig.
4); this cannot be explained on the basis of their different radii. Because of different initial
values of AA4,, a different period of time must pass for [,GPI to reach a sufficient
concentration to reach the A4, needed to produce a bud leading to the conclusion that the
larger the initial A4, the shorter the time lag. Another drawback of the method is the lack of
information about the distribution of B,GPI molecules throughout the pit of the observation
chamber during three consecutive injection intervals because of the unknown rate of liquid
mixing. However, based on an injection control experiment of the examination of
homogeneity of B,GPI solution shown in Fig. S3 (Supplementary information), we concluded
that the concentration became homogenous before the start of the next injection interval.

A model was proposed having the simplest possible structure that still captures the
essential elements of the treated system. The model presumes spherical vesicles with a
homogenous surface density of bound proteins. The latter affects not only the preferred area
difference (A4o) but also the spontaneous curvature of the membrane (Cy). Both describe the
observed shape transformations but in our model we assumed that the effect of A4, prevails
over the effect of Cy. Flip-flop between the leaflets is very slow so we could assume that the
preferred areas of membrane leaflets are conserved on the experimentally relevant time scales
[31]. According to the bilayer couple hypothesis [32, 25], protrusions (buds, tubes, tethers,
etc.) of higher membrane curvature on the membrane of the main vesicle body form in order
to reduce the difference between A4 and A4, and thus the area difference elasticity term of
Eq. 2. A4 depends on the vesicle shape whereas A4, depends on the molecular occupancy of
the two layers and their interaction with the surroundings. These two quantities are generally
not identical. The model accounts for the importance of the coupling between vesicle shape
and the number of bound proteins (N,). It assumes that the shape of a vesicle and the number
of bound proteins are interdependent. The initial transition of the vesicle shape resulting in the
first bud cannot be calculated accurately from the proposed model. All the theoretical results

are thus presented from the first bud onwards.
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The model predicts the dependence of the number of buds on R, and v as shown in
Figs. 2a and 2b. A phase diagram presented in Fig. 6 combines the effects of parameters R,
and v on the number of buds. The experimental data (squares) for vesicles A-E were located
on this phase diagram. By solving Eqs. 2 and 10 the curves that indicate the theoretically
predicted number of buds for certain model parameters were also added to the phase diagram,
to test whether the experimental observations of the final number of buds (n,, Table 1) are in
accord with theoretical predictions. If we consider maximal binding of B,GPI to planar

phospholipid membranes (= 0.17 pg/cm?) [6] and the mass of one B,GPI molecule (=
8.30107"" ng), we can calculate the maximal number of proteins (i.e. the maximal number of

binding sites) on a vesicle with a typical radius of 20 um (N, = 1.02010*). For the model
parameters therefore we chose values of the ratio between the maximal number of binding
sites and the total number of phospholipid molecules in the outer leaflet (No/N.= 0.012), the
mean area of phospholipid molecules (4, = 0.6 nm? [33]), the ratio between nonlocal and
local bending moduli of the bilayer (k./k. = 3), and reduced concentration (¢/Kpo = 10). The
reduced concentration was selected according to the conditions close to saturation, i.e. 10
times Kpo. At this high protein concentration, the theoretically predicted number of buds was
approximated closely to a final number of buds, and the shape of the main vesicle body was
approximated to a sphere. We took as an adjustable parameter the effective area of the cross-
section of the inserted portion of the protein (4,) obtained from Eq. 4, which influences AA,,
and tried to obtain as good as possible fit with experimental points by varying its value. The
position of the curves is greatly dependent on 4,. At values of 4, larger than that estimated,
the curves would shift towards the left, because transitions would occur sooner. 4, was, in our
case, determined to be about one tenth of the area of the cross-section of the whole inserted
portion of the protein. The membrane area thus responsible for A4, is smaller than that of the
whole inserted portion of the protein. The result suggests that only the keel-like part of the
inserted portion of the protein (Fig. 1c) reaches the neutral surface of the leaflet and is thus
responsible for the increase of A4,. The theoretical predictions of the number of buds agree
with experimental results of most vesicles (vesicles A, B, D and E) sufficiently well for the
chosen parameters. However the predicted value of n, for vesicle C deviates slightly from the
observed value (discussed later).

The radius of the main vesicle body at the rim (R,) was determined, as well as the
number of buds (7). The dependence on n of the experimental values of R, for vesicles A-E is

presented in Fig. 5, showing that R, decreases with increasing n. This observation does not fit
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with the proposed theoretical model, which predicts a slight increase of R, with bud
formation, because the formation of buds involves relatively more increase in vesicle area
than in volume. The observations can be understood if it is taken into account that gravity
causes a vesicle lying on the substrate to flatten, so that R, is larger than that of a sphere with
the same membrane area (Fig. Sla — Supplementary information). The decrease in R, with
increasing n can be explained by the fact that the volume and membrane area of the newly
formed bud are accompanied by their decrease in the main vesicle body. The latter then
reforms its shape stepwise from a sphere section into a sphere, which involves an increase in
the effective reduced volume of the main vesicle body. When the latter attains the shape of a
sphere, the predicted outcome is practically the same as that obtained by the simple theoretical
model (Fig. S1b - Supplementary information).

The dependence of R, on n obtained from measured data for vesicle B (circles) is
compared with possible theoretical interpretations (curves) of vesicle behaviour (Fig. 7). The
theoretical reasoning described in the section on theoretical background predicts a decrease in
R, represented by the dashed curve. This decrease is quite rapid so that the shape of the sphere
is reached at n = 6, whereas the experimental dependence of R, on n is much less steep. An
attempt is made to interpret the vesicle behaviour by assuming partially closed and closed
necks between the main vesicle body and buds. An example is presented by the solid curve. It
is assumed that, during the formation of a string of three buds on the first budding site (Fig.
3), the neck is partially closed so that membrane, but not solution inside the vesicle, can be
exchanged between the main vesicle body and buds. R, decreases more slowly than in the
case of exchange of both membrane area and solution. It appears that the neck of the first
budding site then closes completely (denoted by an arrow at n = 3), indicating that neither the
volume nor the area could be exchanged and that the budding from this budding site stopped.
When the second budding site opens, the shift of R, is again larger (between n = 3 and 4).
During the formation of another string of five buds on the second budding site the neck is, as
previously assumed, partially closed and R, thus decreases correspondingly slowly. An arrow
positioned at n = 8 indicates another possible neck closure. When the third budding site
opens, the shift of R, is again larger (between n = 8 and 9) and decreases slowly until
formation of the last bud (n = 19) when the shape of the main vesicle body assumes the shape
of a sphere. The partial neck closure can be explained by an assumption that solution
molecules inside the vesicle cannot move through the neck from the main vesicle body to a
protrusion while the membrane components can. The plausible rationale for a total prevention

of movement of all molecules through the neck is that the neck gets too narrow. The reason
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for the neck closure cannot be totally clarified. This interpretation considering closed and
partially closed necks was therefore used only to describe observed phenomena properly. A
similar interpretation can also be employed to explain the smaller final number of buds (7))
observed on vesicle C than is predicted theoretically. Budding of this vesicle may have
stopped prematurely because the energy barrier for a new bud was too high after the neck
closed at some point. However, in this case it may also be that undetected tethers or other
protrusions were formed in addition to buds, resulting in a smaller final number of buds.

The interpretation represented by the solid curve in Fig. 7 is consistent with the rapid
increase in number of buds seen in Fig. 4 in cases A and B. The predicted dependence of » on
c/Kp, for vesicle B is shown in Fig. 8. The lower curve represents the beginning of budding of
the initial vesicle that ends at » = 3. When budding begins on the second budding site, it does
not continue on the same curve but rather jumps (shown by a lower arrow) to the middle
curve which corresponds to a now different effective reduced volume of the main vesicle
body. This is because the main vesicle body acts as a separate entity and its effective reduced
volume is larger, as discussed previously. As the budding continues at the second budding
site, the number of buds predicted for the current concentration is already greater than 1 and
the number of buds immediately increases to a total of six or seven. The budding continues on
the solid section of the middle curve as long as the neck closes again. The analogous
interpretation applies when the third budding site opens, with the result that the possible
interpretation of budding jumps to the upper curve. The budding continues on the solid
section of the upper curve where at n = 19 a spherical shape is reached. In accord with the
interpretation of the steep increase of the number of buds seen in Fig. 4 for vesicles exhibiting
long strings of buds (A and B), and in vesicles where budding is individual (D and E), the

number of buds increases in steps.

7. Conclusions

The notion that B,GPI induces shape transformations of vesicles preferentially by
forming buds and strings of buds is confirmed in this study. The extent of budding is an
increasing function of B,GPI concentration. The occurrence of budding can be rationalized by
assuming that part of B.GPI is inserted only into the outer leaflet of the bilayer, thus
increasing the preferred difference between the areas of the outer and the inner leaflets (AA4).
The contribution to A4, of each bound ,GPI was estimated to be about one tenth of the area

of the cross-section of its inserted portion, meaning that only a part of it reaches into the
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neutral surface of the leaflet and is involved in changing A4,. By combining theoretical
modelling of the shape behaviour of vesicles with experimental results for a number of
vesicles it was deduced that, at a given B.GPI concentration, the greater number of buds is
characteristic of more flaccid (lower volume to area ratio) and larger vesicles. When the
vesicle membrane is under stress, e.g. lying on the substrate as a result of gravity, a larger
B.GPI concentration is needed to produce the same degree of budding relative to the
unstrained vesicle. Particularly under conditions of gravity, different vesicles behave
differently because the neck between the main vesicle body and buds or strings of buds can be
either closed or open. The qualitative and quantitative insights presented here into the process
of budding and vesiculation of vesicles could have an application when studying the binding

properties of other amphitropic proteins to biological membranes.
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FIGURE CAPTIONS

Fig. 1: (a) Schematic representation of ,GPI (Protein Data Bank Identification Number:
Iclz). The structure shows an extended chain of five domains with an overall fish-hook
appearance with the hydrophobic loop on the fifth domain marked in red. (b) The
hydrophobic loop embedded in a membrane (the image is obtained with molecular dynamics).
(¢) View of the hydrophobic loop in the membrane from approximately 90 ° to that in (b)
which reveals the keel-like part of the inserted portion of the protein at its distal end. It is
evident that the majority of the hydrophobic loop of the protein is inserted in the region of
polar headgroups of phospholipids and only the keel-like part reaches deeper into where we
presume the neutral surface is. The area of the cross-section of the keel-like part is smaller

that that of the cross-section of the whole inserted portion of the protein.

Fig. 2: Theoretically predicted dependence of the number of buds (#) on the reduced volume
(v), the radius of a sphere with the same membrane area (R,), and the reduced concentration
(c/Kp,0) obtained by solving Eqs. 2 and 10. The model parameters are chosen as 4, = 0.1 nm?,
A;, = 0.6 nm?, No/N,= 0.012, k/k. = 3. The equilibrium area difference between outer and inner
leaflets without intercalated proteins is taken to be equal to the area difference of the sphere
(87hRy). (a) The curves of the phase diagram show the transition between n and n + 1 buds for
Ro =20 pm. (b) The number of buds () as a function of ¢/K)p, for vesicles of different sizes.
The radii of spheres with the same membrane area (R,) are 20 Pm (upper curve), 15 pm
(middle curve) and 10 um (lower curve). The reduced volume (v) is 0.9. The cartoons show
the shapes of vesicles with various numbers of buds. Note the size of buds is smaller at higher

numbers of buds.

Fig. 3: A typical example of shape deformations of flaccid vesicles during injection of 3,GPI
(vesicle B from Table 1 is presented). The time from the beginning of injection is indicated.
Arrows (at 600 s) show three budding sites with multiple buds ejected from the membrane.
Three buds were produced on the first budding site (207 s - 221 s), five on the second budding
site (236 s — 278 s), and 11 on the third budding site (317 s — 606 s). Certain images of the
main vesicle body are out of focus in order to show in focus protrusions which are normally
present below the rim of the main vesicle body, i.e. on the substrate due to gravity. *

designates the onset of budding.
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Fig. 4: The time dependence of the observed number of buds () on vesicles A to E (Table 1)
during the injection of B,GPI in three intervals (0 — 900 s overall). The dashed curve
represents an average concentration of 3,GPI which rises according to the injections (0 s - 150

s, 300 s —450 s and 600 s - 750 s).

Fig. 5: The dependence of the observed radius of a vesicle at the rim (R,) on the number of

buds (n) for vesicles A - E.

Fig. 6: Phase diagram of the dependence of the number of buds on reduced volume (v) and on
the radius of a sphere with the same membrane area (R,). Experimentally acquired data from
vesicles A to E (squares) are positioned on the diagram. The curves show the transition
between the theoretically predicted number of buds (7, shown by a numerical value on the
phase diagram) and n, + 1 for model parameters: 4, = 0.09 nm?, 4, = 0.6 nm?, No/N>= 0.012,
c/Kpo =10, k./k. = 3.

Fig. 7: The dependence of the radius of a vesicle at a rim (R,) on the number of buds (n).
Experimental values for vesicle B are shown by circles and theoretical predictions for model
parameters: 4, = 0.09 nm?, 4, = 0.6 nm*, NO/N,= 0.012, k./k. = 3, Ap = 15 kg/m’ by curves.
The reduced volume of the first protrusion was defined as the ratio between the volume of the
first protrusion and the volume of the sphere with the membrane area 4, is 0.003. The dashed
curve describes the interpretation according to the simple theoretical model with gravity. The
shape of the sphere is reached at n = 6. The solid curve describes the possible interpretation
with partially closed and closed necks (see text). An arrow oriented downwards depicts the
transition between the first and second budding sites after three buds, and an arrow oriented
upwards depicts the transition between second and third budding site after eight buds. The

shape of the sphere is reached at n = 19.

Fig. 8: Theoretical predictions of the dependence of the (total) number of buds (7) on reduced
concentration (c/Kp,) for the same model parameters as in Fig. 7. The possible steep increase
in the number of buds for vesicle B is illustrated. The lower curve represents the start of
budding up to n = 3. After that, budding continues with a jump (shown by a lower arrow) to
the middle curve where the number of buds immediately increases for three to four buds. The
solid section of the curve depicts the actual course of budding. The dashed section of the

curve depicts the imaginary budding path if the jump had not occurred for vesicles with
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different dimensions. The event repeats with the second jump (shown by an upper arrow) to

the upper curve where more buds immediately occur.
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Research highlights
- Ba.-glycoprotein I induces vesicle budding

- the number of buds is greater for more flaccid and/or larger vesicles
- binding of such proteins to vesicles and vesicle shape are mutually interdependent
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Table 1: Experimentally based and theoretically determined values of vesicle parameters.

Values are means =+ standard deviation.

vesicle R, (um) Z (um) N Ro(um) v

A 21.7+0.35 34+1 21 19.65+0.4 0.83 £0.015

B 182+0.3 34+1 19 16.6 +0.35 0.84 +£0.02

C 20.65 +0.35 7.65+1 9 19.6+0.35 0.895+ 0.015

D 16.85+0.35 102 +1 6 16.5+0.35 0.95+0.015

E 11.4+0.25 51+1 6 10.95+0.3 0.915+0.025

R, represents the radius of the ring around the rim of the vesicle and Z the distance from the

rim of the vesicle to the substrate, 7, is the final number of observed buds, R is the radius of a

sphere with the same membrane area and v is the reduced volume.
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