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The exocytosis is a process of fusion of secretory vesicles with plasma membrane, which plays a prominent role
in many crucial cellular processes, e.g. secretion of neurotransmitters, cytokinesis or yeast budding. Prior to the
SNARE-mediated fusion, the initial contact of secretory vesicle with the target membrane is mediated by an
evolutionary conserved vesicle tethering protein complex, the exocyst. In all eukaryotic cells, the exocyst is com-
posed of eight subunits — Sec5, Sec6, Sec8, Sec10, Sec15, Exo84 and two membrane-targeting landmark subunits
Sec3 and Exo70, which have been described to directly interact with phosphatidylinositol (4,5)-bisphosphate
(PIP,) of the plasma membrane. In this work, we utilized coarse-grained molecular dynamics simulations to elu-
cidate structural details of the interaction of yeast Sec3p and Exo70p with lipid bilayers containing PIP,. We found
that PIP, is coordinated by the positively charged pocket of N-terminal part of Sec3p, which folds into unique
Pleckstrin homology domain. Conversely, Exo70p interacts with the lipid bilayer by several binding sites distrib-
uted along the structure of this exocyst subunit. Moreover, we observed that the interaction of Exo70p with the
membrane causes clustering of PIP, in the adjacent leaflet. We further revealed that PIP, is required for the
correct positioning of small GTPase Rho1p, a direct Sec3p interactor, prior to the formation of the functional
Rho1p-exocyst-membrane assembly. Our results show the critical importance of the plasma membrane pool of
PIP, for the exocyst function and suggest that specific interaction with acidic phospholipids represents an ances-

tral mechanism for the exocyst regulation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

All eukaryotic cells display some aspects of polar organization, which,
in essence, is achieved by the asymmetric localization of intracellular
structures and components. This phenomenon has been described to
play a critical role in the development of neuronal cells, in the growth
of fungal hyphae or plant pollen tubes and root hairs [1-3]. The cell po-
larity is mediated by the asymmetric distribution of proteins and lipids
in the specialized domains in the plasma membrane (PM). The polar do-
mains are formed by properly balanced exocytosis, endocytosis and two-
dimensional lateral mobility within PM [4]. Exocytosis is a process of the
fusion of secretory vesicles with PM. Secretory vesicles, that bud from the
trans-Golgi network or recycling endosome, are transported along cyto-
skeletal networks to their destination, where they are tethered and final-
ly fused with PM. The tethering step, described as the initial contact of
the secretory vesicle with the target PM prior to the SNARE-catalyzed
membrane fusion [5], is in many cases mediated by the evolutionary
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conserved multiprotein complex, the exocyst. All subunits of the exocyst
were discovered in the budding yeast by genetic screens for mutants in
secretion [6] and the budding yeast has been an invaluable model in
identifying basic principles of the exocyst functions. In addition to its
mechanistic role in tethering, the exocyst also determines the region of
PM, where exocytosis takes place. The exocyst is composed of eight sub-
units, Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84. The whole
exocyst complex has the molecular weight of approximately 750 kDa
with subunits ranging in size from 70 to 150 kDa [7]. The exocyst is a
member of the structurally and functionally related Complex Associated
with Tethering Containing Helical Rods (CATCHR) family, which also
contains COG, Dsl and GARP complexes, that tether vesicles at the
Golgi, ER and endosomes, respectively [8]. Several recent studies have
provided valuable insights into the structural organization of the exocyst
complex [9]. So far, partial crystal structures of five exocyst components
have been obtained. These include near full-length of yeast Exo70
(Exo70p, Fig. 1), the C-terminal part of Exo84p and Sec6p, and the N-
terminal part of Sec3p [10-14]. In addition, the crystal structures of the
near full-length mouse Exo70, the C-terminal part of Drosophila Sec15
and the Ral-binding domain of rat Exo84 were solved [15]. Yeast
Exo070p (amino acid residues 67-623) folds into an elongated rod that
is 160 A long and 30-35 A wide, it comprises nineteen o-helices and
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Fig. 1. Both Exo70p and Sec3p-N contain positively charged regions. A. The structure of Exo70p (PDB ID: 2PFV) and electrostatic potential mapped onto the solvent accessible surface cal-
culated using the APBS program [70]. B. The structure of Sec3p-N (PDB ID: 3A58) and electrostatic potential mapped onto the solvent accessible surface. Electrostatic potential spans from

—5 (red) to +5 (blue) kbT/e..

the whole structure could be divided into four domains (Fig. 1A). Despite
the low sequence identity, all experimentally solved structures of
exocyst subunits share the rod-like structural core composed of two or
more consecutively packed helical bundles, with each bundle consisting
of three to five a-helices linked by loops [16]. Analysis of the electrostatic
potential mapped on the Exo70p surface revealed distinct polarity of the
Exo70p structure [10,11] (Fig. 1A), where its N-terminal part is strongly
negatively charged and the C-terminal part is positively charged. Inter-
estingly, the prediction of the secondary structure suggests that the re-
maining unsolved exocyst subunits may be formed by similar helical
folds [17]. In contrast to the rod-like structures described above, the crys-
tal structure of N-terminal domain of Sec3p (Sec3p-N) revealed that this
part folds into the Pleckstrin homology (PH)-like domain [13,14]
(Fig. 1B). Sec3p-N (amino acid residues 76-260) is composed of three
a-helices (a1-a3) and eight B-strands (B1-p8). The P1-p7 strands
form an antiparallel  sheet resulting in the orthogonal sandwich and
the abutting a2-helix typical for the PH-fold [14]. Examination of the
electrostatic surface of Sec3p-N showed a positively charged pocket
formed by three clusters of basic residues: i) R137 and R157, ii) R137,
K135 and K155, and iii) R168 and K194 [14] (Fig. 1B).

A crucial aspect of the exocyst function is its tightly controlled
interaction with PM. In the budding yeast cell, all exocyst subunits are
polarized to the growing end of the daughter cell (bud tip), but the
mechanisms of their targeting differ [16]. Although several alternative
models have been proposed, Exo70p and Sec3p are generally believed
to mediate the contact with the target PM region and thus ensure the
specific localization of the whole complex. In most of the current models
the remaining exocyst subunits are believed to be delivered to the
exocytic sites with secretory vesicles on actin cables [18], but recent
data indicate that in different organisms, dynamics of exocyst assembly
and targeting may vary significantly [19,20]. A couple of recent reports
showed that Sec3p and Exo70p interact with phosphatidylinositol
(4,5)-bisphosphate (PIP;), which is present predominantly in the
inner leaflet of PM [21]. Sec3p binds PIP; via its N-terminal PH-like do-
main and basic residues located at the C-terminal part are important for
Exo70p interaction with PIP; [13,14,21,22]. The disruption of the inter-
action of PIP, with both Sec3p and Exo70p inhibits PM-association of
the exocyst and results in severe growth defects [21]. During the last
15 years, PIP, has emerged as an important second messenger especial-
ly in the regulation of cytoskeletal and membrane dynamics [23,24]. The
distinctive features of PIP, are its bulky acidic headgroup, with the net
charge ranging from — 3 to — 5 under physiological pH and an inverted

conical overall shape that promotes positive curvature of membranes.
PIP, functions by recruiting effector proteins to membranes in a spatio-
temporally specific manner and/or it affects the biophysical properties
of membranes.

To fully understand the exocyst function, it is important to explore
the interaction of membrane-associating subunits of the exocyst and
PIP; in the context of lipid bilayer. Molecular dynamics (MD) simula-
tions have been shown to play an invaluable role in the molecular-
level description of dynamic interaction of membrane proteins with
phospholipids, which could be hardly obtained by experimental ap-
proaches [25,26]. In this study, we utilize coarse-grained MD simula-
tions to reveal details of the specific Exo70p and Sec3p interaction
with PIP,. We also address simultaneous binding of Sec3p to PIP, and
small GTPase Rho1p. Our results show an importance of the mutual in-
terplay between PIP, molecules and proteins involved in exocytosis.

2. Methods
2.1. Structures used in the simulations

Before converting Exo70p structure (PDB ID: 2PFV, resolution of
2.10 A, residues 67-623) [27] to the CG representation, the missing loop
ILE224-PR0231 in the crystal structure was added using the program
MODELLER 9.14 [28]. The structure of Sec3p-N was solved together
with Rholp (PDB ID: 3A58, resolution of 2.60 A) [14] and both structures
were used as a starting point for subsequent simulations. To convert
exocyst subunits to the MARTINI v2.1 CG representation, we utilized the
martinize.py script and we used the ELNEDYN representation with r. =
0.9 nm and f. = 500 k] mol~! nm~2 [29-31]. In the crystal structure of
Sec3p-N-Rho1p, the C-terminal part of Rho1p called hypervariable region
(HVR, amino acid residues 186 to 209) is missing, we therefore modeled
this part as a random coil using the MODELLER 9.14 program. The
ELNEDYN representation with r. = 0.9 nm and f. = 500 k] mol~' nm~?
was used to describe core of Rholp and HVR was kept flexible. The C-
terminal cysteine residue 207 of Rho1p was geranylgeranylated. The
model of the geranylgeranyl tail consisted of a linear sequence of four
C3 MARTINI beads, similarly to the published model of farnesyl moiety
[32], all connected via harmonic bonds with rp = 0.49 nm and f. =
8000 kJ mol~! nm~2. The angle bending was restricted by harmonic po-
tentials with a = 140 equilibrium angle and f. = 200 kJ mol~ . The first
(3 bead was connected to the cysteine side chain bead using a harmonic
bond with ro = 0.39 nm and f, = 5000 kj mol~! nm~2
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2.2. Lipid bilayers

The MARTINI CG model for 1-palmitoyl-2-oleoylphosphatidylcholine
(PC) was taken from [33] and 1-palmitoyl-2-oleoylphosphatidylinositol
(4,5)-bisphosphate (PIP,) molecule was prepared according to [34]. All
lipid bilayers were generated by self-assembly CG-MD simulations. In
these simulations, PC or PIP,/PC lipids (without any protein) were ran-
domly placed in a simulation box and solvated with coarse-grained
water molecules and ions to neutralize the system. Then production
simulations were performed for 500 ns. In all lipid bilayers, distribution
of PIP, molecules in the leaflets was approximately equal (typically
4.5% vs. 4.9%). The membranes composed of 256 lipid molecules were
subsequently used for the simulations with Sec3p-N and/or Rho1p. The
lipid bilayers containing 1152 lipid molecules were used for the simula-
tions of Exo70p.

2.3. Coarse-grained molecular dynamics simulations

The program GROMACS 4.5.0 was used for all MD simulations [35].
Lennard-Jones and electrostatic interactions were shifted to 0 between
9 and 12 A and between 0 and 12 A, respectively. A relative dielectric
constant of 15 was used. Simulations were run in NPT ensemble. The
temperature of protein, lipids, and solvent was coupled separately at
310 K using the Berendsen algorithm, with coupling constant 1.0 ps.
The system pressure was coupled using the same algorithm with cou-
pling constant 3.0 ps, compressibility of 3.0, and reference pressure of
1 bar. Simulations were performed using a 20 fs integration time step.
Initially, protein was placed 2.5 nm apart the membrane prepared by
the previous self-assembly simulation and dehydrated. Subsequently,
we added standard MARTINI water and Na™ ions to ensure electroneu-
trality of the system. We also performed simulation with polarizable
MARTINI water model [36], in this case, we used MARTINI v2.2p for
the protein description [31]. The whole system was energy minimized
using steepest descent method up to maximum of 500 steps and pro-
duction runs were performed for 1000 ns. It is important to note that
times reported in this study are computational times. It was shown
that effective times for CG simulations are longer; for proteins and lipids
in MARTINI force field, the scaling factor is about four-fold [37],i.e. 1 s
simulation time would correspond to 4 ps real time. Standard Gromacs
tools as well as in-house codes were used for analysis. The VMD pro-
gram was used to prepare figures [38].

3. Results
3.1. Exo70p clusters PIP, molecules

To study the association of Exo70p with PIP,-containing bilayer,
we performed series of coarse-grained (CG)-MD simulations. Exo70p

was initially placed ~2.5 nm from the center of mass of a lipid bilayer
containing 5% PIP, and 95% phosphatidylcholine (PC, Fig. 2A). In all

A B

performed simulations (each of the 1 ps length), we observed binding
of Exo70p to the lipid bilayer containing PIP,. Exo70p diffused in the
simulation box before associating with the lipid bilayer. An initial con-
tact with the lipid bilayer was mediated by the C-terminal part of
Ex070p; particularly amino acid residues K601, R604 and K605 started
to interact with PIP, molecules (Fig. 2B). In four out of five simulations,
a number of PIP, molecules interacting with the C-terminal part subse-
quently increased resulting in the association of the Exo70p domain D
with the lipid bilayer (Fig. 2C). After 1 ps, the whole molecule of
Ex070p associated with the lipid bilayer via several PIP,-binding sites
(Figs. 2D and 3). In these four simulations, the Exo70p interaction
with the lipid bilayer containing PIP, was perfectly reproducible and
stable. In the fifth simulation, Exo70p initially interacted with PIP,
molecules by its C-terminus and it remained in this orientation for the
subsequent simulation time (Fig. 2B). It is important to note, that the as-
sociation of Exo70p with the lipid bilayer is PIP2-dependent, since we
did not observe any interaction when a membrane was composed solely
of PC (Fig. S1).

An analysis of the amino acid residues involved in the interaction of
Exo70p with PIP, revealed that the highest number of interacting amino
acid residues is located at the C-terminal part (Fig. 3A and B). These
positively charged PIP,-interacting sites located at Exo70p C-terminus
correspond very well to the amino acids that were suggested to play a
critical role in the PIP,-binding by site-directed mutagenesis (in partic-
ular K538, K540, K567, K601 and K605) [21]. In addition to the C-
terminal part, several other basic amino acid residues distributed
along the membrane-associating surface of Exo70p contributed to the
interaction with the PIP, molecules; particularly residues K168, K212,
K228 and K489 (Fig. 3A and B).

A closer analysis of the Exo70p association with the lipid bilayer
revealed that Exo70p clusters PIP, molecules in the adjacent leaflet of
the lipid bilayer. This clustering could be visualized by employing aver-
age two-dimensional density of PIP, over the simulation length (Fig. 4).
Local clusters of PIP, molecules are formed in the vicinity of the Exo70p
(Fig. 4A). In contrast we did not observe any clustering in the opposite
leaflet, which is not in contact with the protein (Fig. 4B). Hotspots of
PIP, localization correspond to the identified binding sites on Exo70p.
Notably, we observed fluctuations of individual PIP, molecules in the
particular binding site, indicating that the simulated system reached
equilibrium. We also performed simulations with the polarizable
MARTINI force field [36]. In this case, we also observed that PIP, mole-
cules specifically localize around Exo70p and thus these results further
corroborate our hypothesis on the specific PIP, clustering mediated by
Exo70p (Fig. S3).

We then asked whether membrane-associating surface of Exo70p is
conserved through the evolution of eukaryotes. We constructed an
alignment containing more than 150 Exo70 sequences covering various
eukaryotic organisms (Supplementary Data 1) and we mapped the evo-
lutionary conserved amino acid residues on the yeast Exo70p structure
using Consurf algorithm [39]. We found that almost all amino acid

C-terminus

N-terminus

Ons

N-terminus

300 ns

Fig. 2. Representative snapshots of the CG-MD simulation of Exo70p and membrane containing 5 % PIP, and 95% PC. The CG-MD simulation of Exo70p-membrane association shown at
different simulating times, A 0 ns, B 80 ns, C 300 ns and D 1000 ns. CG water molecules and ions are not shown for the sake of clarity. Only PIP, molecules in the distance of 0.8 nm from the
protein after 1000 ns are shown. Headgroup atoms of PC are shown in van der Waals representation (choline group in gray and phosphate group in light blue). Only protein backbone

atoms are shown in licorice representation (purple).
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Fig. 3. Exo70p interacts with PIP, molecules by several amino acid residues distributed along the Exo70p structure. A. The mean number of Exo70p-PIP, contacts per residue. Contacts were
defined as the number of PIP, phosphate groups within 0.8 nm of protein atoms. Contacts represent the average number computed from each performed simulation. B. Contacts mapped

onto the Exo70p structure.

residues involved in the interaction with membrane are very well con-
served (Fig. S2).

3.2. Sec3p-N interaction with PIP, is mediated by positively charged pocket

Having successfully revealed details of Exo70p-PIP, interaction, we
then used the same approach to study dynamics of the Sec3p-N interac-
tion with the lipid bilayer containing 5% PIP, and 95% PC. Initially, the
protein was again placed ~2.5 nm from the center of mass of the lipid
bilayer (Fig. 5A). In five performed simulations, Sec3p-N bound rapidly
to the membrane, resulting in two orientations of Sec3p-N towards the
membrane. In three simulations, the initial binding of PIP, molecules
was mediated by amino acid residues R137, K155 and R157 (Fig. 5B).
Subsequently, other residues started to interact with PIP, resulting in
an equilibrated state, where the positively charged pocket of Sec3p-N
coordinated several PIP, molecules (Fig. 5C). In this binding mode, the

N-terminus

C-terminus

25 50 75 10012515.017.5
X position [nm]

BT " T

0.0

PIP, density [nm?]

computed PIP,-interacting residues are in perfect agreement with pub-
lished experimental data (see below) [22]. Two other simulations ended
in areverse orientation of Sec3p-N towards the lipid bilayer and this ori-
entation remained stable for additional 2 ps. We also performed simula-
tions with the membrane composed solely from PC molecules and in
this case, we observed no stable interaction of Sec3p-N with the lipid bi-
layer (Fig. S5).

In the binding mode, which is consistent with experimental results,
PIP, molecules are coordinated by one positively charged pocket (resi-
dues K119,K135,R137,R157,R168 and K194; Fig. 6A and B). Our results
are well supported by lipid-protein overlay analysis, which showed that
combined mutations of these amino acid residues abrogate the PIP,
binding in vitro [14]. In addition to these six residues, K100 located at
the very end of the a1-helix contributed to the PIP, binding. Intriguing-
ly, this residue was also able to form non-specific polar contact with
phosphate atoms of PC when lower concentration of PIP, was used

25 50 75 100125150175
x position [nm]

30.7

Fig. 4. Exo70p mediates PIP, clustering. A. The typical example of two-dimensional density of PIP, molecules in the leaflet adjacent to Exo70p calculated over last 500 ns of the simulation.
B. The typical example of two-dimensional density of PIP, molecules in the leaflet, which is not in contact with Exo70p calculated over last 500 ns of the simulation.
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Fig. 5. Representative snapshots from the CG-MD simulation of Sec3p and membrane containing PIP,. The CG-MD simulation of Sec3p-N-membrane association shown at different sim-
ulating times, A 0 ns, B 20 ns and C 1000 ns. CG water molecules and ions are not shown for the sake of clarity. Only PIP, molecules in the distance of 0.8 nm from the protein after 1000 ns
are shown. Headgroup atoms of PC are shown in van der Waals representation (choline group in gray and phosphate group in light blue). Only protein backbone atoms are shown in lic-

orice representation (green).

(data not shown). It is important to mention, that the observation of
Sec3p-N orientation towards the membrane, which is not supported
by experimental results, could be an artifact of CG-model. Other expla-
nation could be that in our model, a large fraction of Sec3p molecule is
unavailable or other factors have to be taken into account (e.g. Rho1p,
see below).

Similarly to Exo70p, we performed analysis of conserved amino acid
residues through various eukaryotes. Also in the case of Sec3p-N, the
membrane-interacting residues are very well conserved through the
evolution (Fig. S5, Supplementary Data 2).

3.3. Sec3p-N interacts simultaneously with Rholp and membrane
containing PIP,

CG-MD simulations have been successfully used to describe com-
plex systems containing the lipid bilayer and more than a single protein,
e.g. it helped to probe the mechanism of the integrin inside-out activa-
tion [40]. To explore specificity of the Sec3p-N targeting, we took advan-
tage of this capability of CG-MD and of the fact, that Sec3p-N was co-
crystallized together with small GTPase Rho1p in the active state [14].
Rho1p is a member of the Rho family of small GTP-binding proteins,
which are master regulators of many cellular activities [41]. It is a pe-
ripheral membrane protein, which is anchored to the lipid bilayer via
geranylgeranyl moiety posttranslationally added at its C-terminal re-
gion. As the highly flexible C-terminal region (also called the hypervar-
iable region — HVR, corresponding to amino acid residues 186 to 209) is
missing in the available crystal structure of Rho1p, we modeled it using

the MODELLER program [28]. A similar strategy was shown to give re-
sults in a very good agreement with experiments for other small GTPase
[32,42,43].

We first simulated the interaction of Rho1p with the lipid bilayer
composed solely of PC. Three independent simulations converged into
a single orientation of Rholp towards the membrane (Fig. 7A). This
almost parallel orientation of Rho1p to the plane of the lipid bilayer is
in a very good agreement with previously published results for other
small GTPases, namely H-Ras and Rheb [42,44]. It was shown that dur-
ing cytokinesis, Rho1p targeting to PM is dependent on PIP,. Moreover
Rho1p HVR can directly interact with phosphoinositides via a stretch
of positively charged residues [45]. Therefore, we further performed
simulations with Rho1p alone anchored to the lipid bilayer composed
of 5% PIP, and 95% PC. In an equilibrated state, PIP, molecules are pref-
erentially bound to lysine residues located at HVR (Fig. S7). When PIP; is
present in the lipid bilayer, the Rho1p orientation towards the plane of
the lipid bilayer is much more perpendicular than if only PC is present
(Fig. 7B and C). Also, when PIP, molecules were replaced by PC mole-
cules in the equilibrated system, Rho1p adopted the same orientation
towards the membrane as in the simulation with PC only membrane.
These results showed the effect of PIP, on the positioning of Rholp
and we hypothesize that this effect could have an important impact
on further interactions of Rho1p with other proteins.

It was suggested that Sec3p-N is able to simultaneously bind both
the small GTPase and phosphoinositides [14]. To test this hypothesis,
we used the last snapshot from the simulation of Rholp with the
membrane containing PIP, and we added Sec3p-N (Fig. 8). We observed
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Fig. 6. Sec3p-N coordinates PIP, molecules by the positively charged pocket. A. The mean number of Sec3p-N-PIP, contacts per residue. Contacts were defined as the number of PIP, phos-
phate groups within 0.8 nm of protein atoms. Contacts represent the average number computed from each performed simulation. B. Contacts mapped onto the Sec3p-N structure.
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formation of a stable dimer between Sec3p-N and Rho1p in all five sim-
ulations (Fig. 8B and C). Importantly, both Sec3p-N and Rho1p proteins
still interacted with the lipid bilayer at the same time.

We compared amino acid residues involved in the interaction be-
tween Sec3p-N and Rho1p in the presence of the membrane with con-
trol simulations starting from the published crystal structure without a
lipid bilayer (HVR of Rho1p was excluded), and we found an almost per-
fect agreement (Fig. 9). As originally described, most contacts between
Rho1p and Sec3p-N are hydrophobic (Fig. S6) [14]. In the case of Sec3p-
N, we were able to correctly reproduce all contacts with Rho1p (Fig. 9A).

An analysis of Rho1p amino acid residues interacting with Sec3p re-
vealed that most contacts are well reproduced in our simulations with
the lipid bilayer, but we obtained an additional patch of amino acid res-
idues (around F111), which is not present in the control simulation.
However, it is important to note, that calculated contacts in this patch
show a large statistical uncertainty. Interestingly, when we calculated
contacts of Sec3p-N and Rho1p with PIP, molecules, we found almost
no overlap with residues involved in the protein-protein interaction,
further supporting the existence of the functional Sec3p-Rho1p com-
plex bound to the membrane (Fig. 9).

0ns

20 ns 1000 ns

Fig. 8. Representative snapshots from CG-MD simulation of Sec3p-N-Rho1p interaction shown at different simulating times, A 0 ns, B 20 ns and C 1000 ns. CG water molecules and ions are
not shown for the sake of clarity. Only PIP, molecules in the distance of 0.8 nm from the proteins after 1000 ns are shown. Headgroup atoms of PC are shown in van der Waals represen-
tation (choline group in gray and phosphate group in light blue). Only protein backbone atoms are shown in licorice representation (Sec3p-N is in green and Rholp is in red).
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Fig. 9. Amino acid residues involved in the interaction between Sec3p-N and Rho1p. A. The comparison of Sec3p-N amino acid residue interacting with Rho1p. B. The comparison of Sec3p-
N amino acid residue interacting with Rho1p. Upper panels represent protein-protein contacts calculated for simulations started from the crystal structure (PDB ID: 3A58), middle panels
contain protein-protein contacts calculated for simulations describing the formation of Sec3p-N:Rho1p dimer in PIP2-containing lipid bilayer. Bottom panels show amino acid residues
involved in the interaction with PIP, molecules. The average numbers of contacts with standard errors computed from five simulations over last 500 ns are shown.

4. Discussion and conclusions

Exocytosis is one of the most fundamental processes in eukaryotic
cells. It is crucial for cell expansion, cell division and also for inter-
cellular signaling between cells. During the last two decades, many
components of exocytotic machinery have been discovered. By its
nature, exocytosis is a process at the boundary between cytoplasm
and PM, but we still know surprisingly little about the molecular details
and especially the dynamic of interactions between proteins and lipids
involved. Since the exocyst is required for both determining the site of
fusion of secretory vesicles with the plasma membrane and, at
the same time, for mechanistic tethering of secretory vesicles to PM,
we focused on the interaction of the membrane-associating subunits
of the exocyst complex, Exo70p and Sec3p with PIP, signaling
phospholipids.

Using CG-MD simulations, we identified several PIP,-binding sites
distributed along the yeast Exo70p structure with the greatest number
of interacting amino acid residues located at the Exo70p C-terminus
(Fig. 3). Strikingly, the Exo70p association with the lipid bilayer contain-
ing PIP, resembles the interaction mode of BAR domains [46]. It was
shown that Exo70p could act in a similar fashion as the BAR domain in
promoting membrane curvature [47]. Our data showed that Exo70p in-
duces the formation of PIP, clusters (Fig. 4). Interestingly, several recent
papers described the same behavior for BAR domains experimentally
[48,49]. PIP, has been implicated in the priming and mediating of exocy-
tosis; it localizes to the exocytic sites and it recruits and modulates the
activity of several proteins involved in SNARE-mediated vesicle fusion
[50]. Several possible mechanisms, which are not mutually exclusive,

have been described to mediate formation of PIP, clusters. It is believed
that PIP, molecules align with cholesterol-rich regions in the cytoplas-
mic leaflet of PM, although there is still some controversy about the
effect of cholesterol [51]. Ca>* ions were clearly shown to form bridges
between individual PIP, molecules resulting in the PIP;-enriched
fractions [52]. Other described factors mediating PIP, clustering are
proteins, e.g. highly positively charged MARCK peptides interact
with anionic PIP, headgroups and sequester PIP, molecules to the
clusters [53]. Based on our results, we hypothesize that Exo70p could
act in a similar manner and it could contribute to form patches of the
high local PIP, concentration, thus resulting in exocytic hotspots. It
has been shown that protein-protein interactions in aqueous solution
are overrepresented with the standard MARTINI force field [54]. Never-
theless, results from analogous simulations of protein-lipid interactions
seem to reproduce experimental results very well [26,55-60]. We
therefore believe that observed PIP, clustering is not simply artifact of
the CG model.

In yeast, the PIP, distribution in PM is rather widespread and not
restricted to the forming daughter cell membrane (i.e. the site of exten-
sive secretion) and therefore other factors contributing to the polarized
localization of the exocyst must exist [16]. Small GTP-binding proteins
from the Rho family were described as important polarity determinants
[41]. Indeed, it was documented that Exo70p binds Rho3p and Sec3p-N
directly interacts with Rho1p and Cdc42p members of the Rho GTPase
family [14,41,61-64]. It was, therefore, hypothesized that small GTPases
together with PIP, could control the exocyst localization at the different
cell cycle stages or growth conditions [16]. Our new findings well sup-
port this.
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In this work, we investigated the effect of PIP, on the interaction of
Sec3p-N with Rho1p in the context of a lipid bilayer. We found a strong
effect of PIP, on the orientation of the Rho1p core towards membrane
(Fig. 7). Importantly, Sec3p-N can interact simultaneously with Rholp
and PIP, only when Rho1p adopts the active (PIP,-mediated) conforma-
tion (Fig. 8). We therefore speculate that a vivid interplay between
Rho1p and PIP, determines localization of Sec3 exocyst subunit. It is
also important to mention that the stable polarization of Sec3p and
Exo70p also depends on the other subunits of the exocyst complex
[65-67], but molecular details on the exocyst assembly and recycling re-
main to be elucidated.

The analysis of conserved amino acid residues showed that
membrane-interacting regions of both Exo70p and Sec3p-N are well
conserved throughout eukaryotic sequences (Figs. S2 and S5). Recently,
Bem1p was described as a factor contributing to the Exo70p localization
[68]. It was shown that Bem1p directly binds Exo70p and amino acid
residues involved in the interaction were determined. Interestingly,
those amino acid residues are very variable among eukaryotic Exo70s
(Fig. S7). The same is true for amino acid residues involved in the
Ex070p binding of Rho3p (data not shown). Similarly, amino acid resi-
dues involved in the interaction of Sec3p-N with Rho1p are also not con-
served in eukaryotic sequences (Fig. S8). Moreover, mammalian Exo70
is phosphorylated at amino acid residue serine 250, which is involved in
the interaction with the other subunits [69], but this residue is not con-
served outside Deuterostomia. Taken together our results strongly sug-
gest that membrane-association of the exocyst subunits conveyed
through minor acidic phospholipids is evolutionarily conserved and
probably represents an ancestral mechanism of exocyst targeting. On
the other hand, the control of exocyst function through protein-protein
interactions of individual subunits with other regulatory proteins is
rather organism specific. Given the availability of structural data for
other related tethering CATCHR complexes involved in endomembrane
trafficking (such as Dsl, COG, GARP) [8], our study also calls for thorough
future investigations of possible shared mechanism of these protein
complexes interactions with their target membranes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.03.026.
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