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ARTICLE INFO ABSTRACT

DivIVA is a crucial membrane binding protein that helps to localize other proteins to negatively curved
membranes at cellular poles and division septa in Gram-positive bacteria. The N-terminal domain of
DivIVA is responsible for membrane binding. However, to which lipids the domain binds or how it rec-
ognizes the membrane negative curvature remains elusive. Using computer simulations, we demon-
strate that the N-terminal domain of Streptomyces coelicolor DivIVA adsorbs to membranes with
affinity and orientation dependent on the lipid composition. The domain interacts non-specifically
with lipid phosphates via its arginine-rich tip and the strongest interaction is with cardiolipin. More-
over, we observed a specific attraction between a negatively charged side patch of the domain and
ethanolamine lipids, which addition caused the change of the domain orientation from perpendicular
to parallel alignment to the membrane plane. Similar but less electrostatically dependent behavior
was observed for the N-terminal domain of Bacillus subtilis. The domain propensity for lipids which
prefer negatively curved membranes could be a mechanism for the cellular localization of DivIVA
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protein.

1. Introduction

The correct localization of proteins in a cell is a cru-
cial yet not well understood phenomenon. In Gram-positive
bacteria, the conserved protein DivIVA acts as a cell po-
larity determinant and recruits other proteins to cell poles
and cell division sites, thereby controlling important pro-
cesses like cell division, chromosome localization, cell wall
growth, and protein secretion [1, 2, 3, 4, 5, 6]. The target-
ing of DivIVA itself to cellular poles and division septa is
not fully understood but involves an affinity for negatively
curved membranes as a crucial localization factor [7, 8]. The
ability of DivIVA to selectively target membrane regions
with high negative curvature has been demonstrated by ex-
pression in heterologous organisms and in cells with genet-
ically or artificially induced membrane distortions [7, 8, 9,
10, 11].

DivIVA protein is composed of a conserved N-terminal
domain and a more variable C-terminal domain. The C-
terminal domain forms a tetrameric coiled-coil, which drives
oligomerization [12]. The N-terminal domain was shown to
be responsible for membrane affinity [7, 8, 12]. Structural
studies of DivIVA in Bacillus subtilis (Bsubt) has shown that
the N-terminal domain forms a homodimer coiled-coil com-
posed of two long parallel helices (residue 24-54) with two
short helices (residue 2-10) attached to sides. Two loops be-
tween the short and long helices cross each other and form
a domain tip, which was proposed to be important for the
membrane interaction [12]. The loop was proposed to in-
teract with the membrane via two phenylalanine residues in-
serted in the membrane and two arginine residues interact-
ing with lipid head-groups. However, the molecular mech-

*Corresponding author
%9 jurasek.megmail.com (M. Jurdsek); robert.vacha@mail.muni.cz (R.
Vacha)
ORCID(S):

anisms of the curvature recognition and membrane interac-
tion remains elusive.

Here we investigated the behavior of the N-terminal do-
main of DivIVA at membranes of different lipid composition

including: phosphatidylcholine (POPC), phosphatidylethanolamine

(POPE), phosphatidylglycerol (POPG), tetramyristoylcardi-
olipin with charge -1 e (TMCL1), and tetraoleylcardiolipin
with charge -2 e (TOCL2). To evaluate the role of individ-
ual lipids we simulated model membranes composed of pure
POPC, 1:1 mixtures of POPC-POPE and POPC-POPG, and
tripartite mixture 11:5:4 POPC-POPG-TOCL2. In addition,
we studied bacterial mimic membrane, 20:7:3 POPE-POPG-
TMCLI1, which composition is closer to bacterial membranes.
In particular, we were interested in the role of cardiolipin
and ethanolamine lipids, which have intrinsic negative cur-
vature [13, 14] and are enriched at cellular poles and divi-
sion septa [15, 16] similarly to DivIVA [7, 8, 10]. FerWe
focus our study we-cheseon DivIVA protein from Strepto-
myces coelicolor (Scoel), a homolog of DivIVA (Bsubt) for
which high and low resolution structure of the N-terminal
and C-terminal domain were determined, respectively [12].
DivIVA (Scoel) is interesting because it, in contrast to DivIVA
(Bsubt), is essential for growth, orchestrates polar growth of
the cell wall, and is instrumental in generating the new cell
poles that lead to hyphal branching in streptomycetes [3, 17,
18]. Tt differs alse from DivIVA (Bsubt) by having a leucine
instead of the conserved phenylalanine residue at the tip of
the N-terminal domain that was suggested to be important
for interaction with membrane lipids [12]. Using all-atom
molecular dynamics (MD) simulations we showed that the
N-terminal domain of DivIVA Scoel interaction with mem-
brane was mainly electrostatic and lipids with propensity to
form negatively curved membranes played an important role.
In contrast, Bsubt variant was less dependent on electrostatic
interactions. Our findings confirm experimentally demon-

Jurasek et al.: Preprint submitted to Elsevier

Page 1 of 10



DivIVA-membrane interaction

strated affinity of the N-terminal domain towards lipid mem-
branes and elucidate the interaction at atomic resolution.

2. Materials and Methods

All molecular dynamics (MD) simulations were performed
in GROMACS 5.1.2 program package [19]. Two different
parameterizations were employed: all-atom (AA) and coarse-
grained (CG) models. All simulations were conducted at a
temperature 309.15 K(AA) and 320 K (CG) in a 150 mM
aqueous solution of NaCl at neutral pH. For details on sys-
tem preparation and employed parameters of MD see Sup-
plementary Material.

2.1. Hemeology-medeHingProtein structures

Initial structure of the DivIVA N-terminal domain from
B. subtilis (Bsubt) was based on its crystal model (PDB code
2WUJ) [12]. -We-based-ourhomology-medel-ofthe PivIVA

structure of Bsubt homologue from S. coelicolor (Scoel) was
derived by homology modeling from the Bsubt model. First
58 residues of DivIVA (Scoel) have =~ 48% sequence iden-
tity and & 65% sequence similarity with its 52 residue long
template, see Fig. la. Even though the sequence identity
is not particularly high, the surface electrostatic pattern is
conserved (see Fig. 1b) with the positively charged domain
tip and negatively charged sides. The charge pattern is more
pronounced in DivIVA (Scoel), where the negatively charged
patch is larger compared to DivIVA (Bsubt). The sequence
of the membrane interacting loop changes from SFR motif
to RLR [4] in Scoel which might cause the interaction to be
electrostatic rather than hydrophobic. The homology model
was constructed with the Swiss-Model [20], from which the
best structure was selected as an initial structure for MD
equilibration. The meodel stability wasof homology model
and the original Bsubt structure were tested in 100 ns long
all-atom MD simulations. Root mean squared deviations
(RMSDs) of pretein-backbonethe N-terminal domains con-
verged in the first 5 ns of the simulation. Afterwards struc-
ture fluctuated within the RMSD range of 0.15 nm (see Fig. S1).

2.2. Domain orientation

To quantify the domain orientation preference we de-
fined three orthogonal vectors within the domain and mea-
sured their angle with respect to the membrane normal. The
first vector, which is defined between C, atoms of Arg 19
in Scoel (Phe 17 in Bsubt) of both chains and the center of
mass of Leu 52 in Scoel (Leu 46 in Bsubt) , represents the
domain long axis and its angle from the membrane normal
is denoted as a. The second vector connects N atom of Val 8
(Ile 8 in Bsubt) from both chains and the angle between the
vector and the membrane normal is denoted as f. The third
vector connects N atom of Val 34 in Scoel (Val 32 in Bsubt)
from both chains and the angle between the vector and the
membrane normal is denoted as y. The angle a describes
how much is the domain tilted to the membrane, while an-
gles y and f show preference of the long or the short helix

a)
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igure 1:  Comparison between the N-terminal domain of

ivIVA protein from S. coelicolor (Scoel) and B. subtilis
(Bsubt). a) Homology model of DivIVA (Scoel) (residue 2-
58) with residues colored based on the sequence comparison
with the template of DivIVA (Bsubt). Conserved residues are
shown in green, mutations keeping the residue character are
displayed in orange, sequence extensions are colored in purple,
mutations exchanging polar or charged residues to hydrophobic
are shown in yellow, and mutations which introduced charge in-
stead of polar or hydrophobic residues or changed charge of the
residue are displayed in red and blue when changed to negative
and positive charge, respectively. b) Electrostatic potential at
the protein surface calculated with APBS [21] plug-in [22] in
PyMOL [23] considering 150 mM monovalent salt at 310K.

to point to the membrane.

2.3. Membrane-domain interaction
Toealeutatel haloi bt i,

we-divided-lipids-and-protein—intofew—groups-We divided
lipids and protein into few groups to calculate the mean en-
thalpic contribution of different lipid and protein moieties to
overall membrane-protein interaction. Protein was divided
into five groups, one group for each charged residue (aspartic
acid, glutamic acid, lysine, and arginine) and one group for
all uncharged residues. Lipids were divided into four moi-
eties: lipid tails, glycerol, phosphate, and rest of the head-
group moiety (choline, ethanolamine or head-group glyc-

erol).

3. Results

3.1. The Scoel N-terminal domain adsorption

The N-terminal domain was found to adsorb to all tested
membranes at least in one of the independent simulation tra-
jectories. The final configurations of all simulated systems
are grouped based on the membrane composition and are de-
picted in Fig. 2.
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Figure 2:

The simulation snapshots frem—al—simulations depicting the Scoel N-terminal domain adsorption/desorption at

membranes of various lipid compositions. Each item a-e) contains snapshots taken at the end of each independent simulation
trajectoriesy labeled t1-t3. In case of 1:1 POPG-POPC t1 and 11:5:4 POPC-POPG-TOCL?2 t2, snapshots were taken when the
protein desorbed. The N-terminal domain dimer is shown with water accessible surface medel colored red-and-bluefornegative-and
posttive-charge,respeetively-based on the charge density. Red and blue colors stand for negative and positive charge, respectively.
The membrane is displayed with stick model where aliphatic tails are colored in gray and the rest of the lipid is colored base on
the atom (red O, blue N, orange P). Solvent and hydrogen atoms of lipids are omitted for clarity.

In case of a POPC membrane with zero net charge, we
did not observe desorption in any of three simulations. The
positively charged domain tip was integrated into the lipid
head-group region (see Fig. 2), while the rest of the domain
remained in a solution. Similarly in the both anionic-lipid
containing 1:1 POPG:POPC and 11:5:4 POPC-POPG-TOCL2
membranes, the N-terminal domain interacted only via its
tip. Interestingly, in both membranes with POPG, we ob-
served the domain desorption in one of the simulations. The
desorption in 1:1 POPG-POPC membrane occurred after =
40 ns and domain did not readsorb to the membrane within
the next 60 ns (see Fig. S2 a). In the simulation trajectory t2
of 11:5:4 POPC-POPG-TOCL2 membrane, we observed a
series of desorption and adsorption events. The first desorp-
tion occurred relatively fast within the first & 15 ns followed
by the domain resorption to another leaflet of the membrane
at ~ 30 ns where it remained adsorbed for ~ 90 ns (see
Fig. S2 a). During all the above simulations, the domain re-
mained adsorbed only with shallow insertion of the domain
tip in the membrane. To inspect binding contribution of dif-
ferent lipid and protein moieties, we calculated the individ-
ual enthalpic contributions to the protein-membrane interac-
tion (see Fig. 3). We found that the contribution from lipid
tails was negligible for all systems and majority of the inter-
actions was between the domain and lipid head-groups. Par-
ticularly prominent was interaction between lipid phosphates
and arginine residues at the tip, Arg 17 and Arg 19, present

in all studied systems. In pure POPC, 1:1 POPG-POPC, and
11:5:4 POPC-POPG-TOCLZ2 this interaction was responsi-
ble for adsorption, i.e. there was no other significant inter-
action between the domain and membranes. Note that the
interaction was especially strong with cardiolipin in single
depronated state (TMCL1) in 20:7:3 POPE-POPG-TMCL1
membrane which is a mimic of bacterial membrane without
POPC [24]. In this membrane, cardiolipin interacted with
both its phosphate groups with the arginines (see Fig. 3 e).
Very distinct behavior of the domain was found in the
membranes containing POPE lipids. In the 1:1 POPE-POPC
membrane, the domain remained adsorbed in all three sim-
ulations, where we found additional domain-lipid interac-
tion. The additional interaction was mediated by negatively
charged acidic residues (Glu and Asp) on the domain and
ethanolamine head-groups from POPE lipids (see Fig. 3 d-
e). The phosphate interactions with the tip arginines were
still present, however, glutamic and aspartic acids interac-
tions dominated the overall domain-membrane enthalpy. Note
that even though the interaction strength per one amino-acid
might be smaller than that of arginines the number of glu-
tamic and aspartic acids’ contacts resulted in a strong in-
teraction with the membrane. Additionally, the second set
of arginine residues (Arg 9, Arg 43, and Arg 57 in DivIVA
(Scoel)), located on the opposite end of the domain than the
tip, interacted with same strength as tip arginines with the

membrane in 1:1 POPE-POPC t1 (see Fig. S6). resultingInteraction
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of POPE lipids with acidic residues at the domain side re-
sulted in the parallel alignment of the domain to the mem-
brane plane. Similar behaviorparallel alignment was found
in the second simulation trajectory, t2, of 20:7:3 POPE-POPG-
TMCL1 membrane, where the domain was strongly tilted to-
ward the membrane surface. Hoewever,sueh-tilt-wasfound
in-the-timeseale-of-our-simulations:-To study the concentra-
tion independent effect of POPE lipids, we also simulated
pure POPE membrane. As expected, the effect of POPE was
much stronger and the domain adopted parallel alignment
within 30 ns (see Fig. S7). Note that parallel orientation of
the domain was observed only three times out of seven sim-
ulations of membranes containing POPE lipids (including
pure POPE membrane). This might be caused by limited
timescale of our simulations.

3.2. The Scoel N-terminal domain orientation on
the membrane

We observed a range of possible orientations of the ad-
sorbed N-terminal domain in the range from perpendicular
to parallel orientation to the membrane plane. To analyze
the orientations in detail we defined three orthogonal vec-
tors within the domain. The angles of those vectors from
the membrane normal capture the domain orientation (see
scheme in the middle of Fig. 4 and the Methods section).
In brief, the angle a determines the orientation of the main
axis of the domain. The parallel or perpendicular orienta-
tion to the membrane plane leads to the cos(a) being 0 or 1,
respectively. The angles f and y describe the orientation of
the long and short helix toward the membrane. For example,
if the domain is tilted to the membrane with the short helix
pointing to the membrane we get cos(f) close to 1.

The probability distributions of the domain orientations
with respect to the membrane are shown in Fig. 4. In pure
POPC membrane, the domain was mostly perpendicular to
the membrane with maximum tilt up to cos(a) = 0.5. In
the t1 and t3 simulation trajectories of POPC, we did not ob-
serve any preference to orient neither the long nor the short
helix toward the membrane, i.e. there is no significant dif-
ference between distributions of y and g for tilted domain
(eese—<—tcos(a) < 1). In case of t2, there is a slight pref-
erence of the domain to orient with long helix to the mem-
brane, i.e. cos(y) increases with increasing tilt while cos(f)
remains low. Slightly stronger preference for perpendicular
orientation could be found in 1:1 POPG-POPC membrane.
All probability maxima were present in close proximity of
bottom-right corner of the plot which corresponds to the per-
pendicular orientation of the domain (see Fig. 4 b). Reduced
resolution of probability distribution in the t1 simulation tra-
jectory of 1:1 POPG-POPC is due to the domain desorption
leading to a shorter sampling of adsorbed state. Perpendic-
ular orientation was also preferred in 11:5:4 POPC-POPG-
TOCL2 membrane similarly to pure POPC and 1:1 POPG-
POPC (see Fig. 4 c). Slightly higher preference of the short
helix to point to the membrane could be found in the simu-
lation trajectory t1, where the cos(f) reached higher values

for lower cos(a). Large tilt freedom in simulation trajectory
t2 is due to configurations sampled just before desorption.

In contrast to the membranes mentioned above, a dis-
tinct behavior of the domain was observed in the presence
of POPE lipids. On 1:1 POPE-POPC membranes, the do-
main also preferred high tilt (t2 and t3) or even parallel ori-
entations (t1) to the membrane with long helix pointing to
the membrane (see lower cos(a) in Fig. 4 d). The origin
of this preference is in the interaction between POPE lipids
and negatively charged patch situated at the long helix (see
Fig. 3 d-e). The amount of negative residues interacting with
POPE determined the tilt of the domain which differ in var-
ious simulation trajectories t1-3. In case of 20:7:3 POPE-
POPG-TMCL1 membranes, the domain was tilted in t2 sim-
ulation trajectory, while the domain remained perpendicu-
lar to the membrane in t1 and t3 simulations. We observed
strong preference of the short helix toward the membrane in
simulation trajectory t2. However, in other two simulation
trajectories (t1 and t3) the domain rather preferred facing
the membrane with the long helix during the domain tilting
(cos(y) increased with decreasing cos(a)). The long helix
was also pointing to a membrane in pure POPE membrane
(see Fig. S7 c).

Note that, when the domain was adsorbed at the mem-
brane in a parallel orientation, the domain induced a slight
negative curvature on the membrane, which followed the do-
main convex shape (see Fig. 2 d t1 and e t2).

3.3. Distribution of specific lipids around the Scoel
N-terminal domain

The lipid composition was found to be important for the
domain adsorption and its orientation preference, which demon-
strated a specific role of POPE lipids. Therefore, we ana-
lyzed the distribution of different lipids around the domain
(see Fig. 5).

POPE lipids were found to cluster in the vicinity of the
negatively charged domain patch with occasional presence
of POPC in 1:1 POPE-POPC membrane. Even stronger POPE
clustering was found in case of 20:7:3 POPE-POPG-TMCL1
membrane, where a large continuous cluster of POPE lipids
was situated at the contact with the negatively charged patch
(see Fig. 5). The increased density of POPE head-groups be-
low the negatively charged patch was also observed in pure
POPE membrane (see Fig. S7 d).

In contrast, negatively charged lipids, POPG and TMCL1
atin POPE-POPG-TMCL1 membrane, accumulated at the
domain tip and C-end, where are arginine-rich clusters. Clus-
ters of negatively charged lipids in a close proximity to the
domain tip were also found in both negatively charged mem-
branes without POPE (1:1 POPG-POPC and 11:5:4 POPC-
POPG-TOCL2, see Fig. 5 b-c). These clusters were sur-
rounded by POPC lipids especially in the direction of neg-
atively charged patches of the domain probably due to the
local electrostatic depletion of negatively charged lipids. In
case of the pure POPC lipid membrane, we observed only
slightly increased density of POPC in the proximity of arginine-
rich domain tip (see Fig. 5 a).
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N-terminal domain
For comparison, we also simulated the interaction be-

3.4. Comparison to the Baeillus-subtilisBsubt

tween membranes and the Bsubt N-terminal domain. We
tested two membrane compositions, which had the strongest

Figure 3: Average interaction strength per one lipid between the membrane and the Scoel N-terminal domain averaged over all
independent simulations. Contributions were split into specific lipids parts and protein charged residues. Each lipid is divided into
four partsmoieties: tail, glycerol, phosphate, and head-groupmeiety. Interaction of the each lipid moiety with different charged
and uncharged residues are depieted—viacoloured differently eoleurs—(see legend).

rectangles for

Parts of each lipid are grouped together in

effects on the Scoel N-terminal domain: pure POPE and
1:1 POPG-POPC. Each membrane was studied with two in-
dependent simulations.

In all simulations, the domain from Bsubt remained bound
to the membrane with its tip buried within and below lipid
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Figure 4: The Scoel N-terminal domain orientation on membranes with different lipid composition. In the middle, vectors
describing the N-terminal domain orientation are displayed. Vector a is defined between the center of mass of Leu 52 and the
C, atoms of Arg 19. Vector b and ¢ are defined by the N atoms of Val 8 and Val 34 from both chains, respectively. Angles

a, B, and y are angles between membrane normal (Z-axis) and vectors @, b, and ¢, respectively. a-e) probability distributions

of different domain orientations from all simulated membranes.

Data were collected over the last 100 ns of simulations. The

orientations of desorbed domain are excluded. Simulation trajectory indexes (t1, t2, t3) are shown in the top-right partcorner
of each 2D probability distribution. Color coding of probabilities is white, blue, green, and red for intervals (0-0.0001), (0.0001-
0.0005), (0.0005-0.001), and (0.001-1), respectively. f) Probability distribution of cos(a) for each membrane composition, where
perpendicular orientation corresponds to 1, while tilted orientations correspond to lower values of cos(a).

head-groups, where two Phe 17 residues at the tip interacted
with lipid tails (see Fig. S2 b). Such binding is different
from the Scoel N-terminal domain, which interacted mainly
with lipid phosphates and desorbed from negatively charged
membranes (1:1 POPG-POPC t2 and 11:5:4 POPC-POPG-
TOCL2 t2). The orientations of the domains were similar

for both DivIVA variants with perpendicular orientation on
1:1 POPG-POPC membrane and tilted orientation on mem-
branes with POPE (see Fig. 6). However, the preference for
a tilted orientation at POPE membranes was much weaker
and parallel orientation was not achieved with the domain
from Bsubt.
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Figure 5:

Averaged number density of lipid head-groups around the N-terminal domain of DivIVA (Scoel) at membranes with

different lipid compositions. For each simulation, side and bottom views from the membrane are shown in the top and bottom
snapshots, respectively. High density of each head-group is depicted with isosurface colored based on the lipid type (POPC yellow,
POPE cyan, POPG orange, TMCL1 purple, and TOCL2 is green). Color legend and structure of each lipid are shown in the top
right corner. The N-terminal domain is depicted with vdW surface colored based on the surface charge density with red and blue
colors corresponding to negative and positive charge, respectively. Simulations with the desorbed domain from the membrane

are not shown.

The lipid distribution was similar for both domain vari-
ants. The POPG head-groups were enhanced in the vicinity
of the positively charged tip with POPC slightly enhanced in
the proximity of negatively charged patches on 1:1 POPG-
POPC membrane. The depletion of POPG lipids from the
vicinity of the negatively charged patch was weaker in case
of the Bsubt. In the pure POPE membrane, we can see a
slight increase in the density of POPE head-groups around
the Bsubt domain tip.

3.5. Comparison of Martini and all-atom
simulations
To study the Scoel domain adsorption at longer time scales

and with larger system sizes we employed Martini coarse-
grained force-field [25, 26, 27]. We performed two types
of simulations where the N-terminal domain fold was either
fixed with elastic bonds or not fixed (see the Methods sec-
tion). Despite the domain stable fold in solution, without
elastic bonds the domain unfolded at the membrane and par-
tially inserted the short a-helix among lipids (see Fig. S3—
S5). Because we have not observed similar unfolding in all-
atom simulations and it is recommended to keep the fold
with elastic bonds, the unfolding is likely an artifact. The re-
strained domain with elastic bond remained stable as in the
all-atom simulations, but the affinity to membranes was dif-

ferent. The domain adsorbed only to membranes with cardi-
olipin (11:5:4 POPC-POPG-CL2, and 20:7:3 POPE-POPG-

CDL1). Membranes without cardiolipin (pure POPC, 1:1 POPE-

POPC, and 1:1 POPG-POPC) were not able to keep the do-
main adsorbed even after 1 us long equilibration, during
which the domain was held in close proximity to the mem-
brane.

4. Discussion

We studied membrane binding of DivIVA protein from
S. coelicolor(Scoel), which recognizes cell poles and pre-
sumably negatively curved membranes as does its homo-
logue from B. subtilis(Bsubt). In particular, the behavior of
the N-terminal domain homodimer was investigated at six
different membrane compositions: pure POPC ;and POPE
and mixtures 1:1 POPG-POPC, 11:5:4 POPC-POPG-TOCL2,
1:1 POPE-POPC, and 20:7:3 POPE-POPG-TMCLI1. The N-
terminal domain adsorbed to all tested membrane composi-
tions, but its affinity and preferred orientation on the mem-
brane was dependent on itsthe lipid composition.

Starting from general features, the domain from Scoel
interacted with all membranes with four arginines and two
leucines at the domain tip. The arginines formed salt-bridges
with lipid phosphates, particularly strong with cardiolipin.
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Figure 6: Interaction of the Bsubt N-terminal domain with a)
1:1 POPG-POPC and b) pure POPE membrane. Each panel
show orientation of the domain with respect to the membrane
and the density of lipids in the vicinity of the domain tip in
the left and right section, respectively. Angles are calculated
similarly to Fig. 4. Vector a is defined between the center of
mass of Leu 46 and the C, atoms of Phe 17. Vector b and
¢ are defined by the N atoms of lle 8 and Val 32 from both
chains, respectively. For color coding of lipids in density maps
see Fig. 4.

This might be due to unusual arrangement of two phosphate
groups in cardiolipin that are available for interaction with
arginine. Note that phosphate-arginine interaction is known
to be exceptionally strong [28] and cardiolipin content in
Scoel membranes is high being 30% or higher [29, 30]. With-
out any additional interaction the domain preferred perpen-
dicular orientation to the membrane plane. This mode of
adsorption seems to be responsible for the general affinity
of the Scoel’s DivIVA protein to the bacterial membranes.
Note that the domain tip amphiphilicity and positive charge
are similar to antimicrobial peptides which target bacterial
membranes. However, the domain-membrane interaction was
not strong enough to overcome electrostatic repulsion with
the negaitivelynegatively charged domain patch at membranes

with negatively charged lipids (1:1 POPG-POPC, 11:5:4 POPC-

POPG-TOCL?2), where the domain occasionally desorbed.
Thus electrostatic interaction seems to play a major role in
Scoel’s DivIVA affinity towards membranes suggesting pos-
sible interaction dependence on local pH and salt concentra-
tion.

In presence of POPE lipids, the domain additionally in-
teracted with ethanolamine groups on POPE via a negatively
charged patch on the domain side. This interaction caused

the domain to tilt to the membrane, which resulted in the
full parallel orientation of the domain to the membrane in
twesome of the systems with Scoel’s DivIVA. In such cases,
the membrane adopted slightly negatively curved topology
following the domain convex shape in the direction of the
long helix. DivIVA has previously not been reported to im-
pose curvature on membranes, but it should be noted that
DivIVA (Scoel) in the cell is observed to localize into clus-
ters along the lateral cell wall. These clusters appear to trig-
ger the formation of new cell poles, which is a process that
involves the imposition of negative curvature on the cyto-
plasmic membrane. [17] Thus, it is possible that DivIVA
(Scoel) could contribute to this process by facilitating the
bending of membranes contrary to DivIVA (Bsubt) which is
not known to have such priming role.

POPE lipids, which have slightly negative intrinsic cur-
vature, clustered below the patch. The additional interaction
of the domain with POPE lipids could thus be responsible
for the localization of DivIVA proteins to membranes with
increased POPE content. Indeed, POPE and DivIVA are
known to concentrate at highly curved surfaces such as mem-
branes at cell poles or division septa. [31] Moreover, cardi-
olipin, which has also preference for negatively curved mem-
branes, was interacting with the domain tip the strongest and
thus could further strengthen the protein localization. There-
fore, our results suggest that lipid-specific interactions of
Seoel DivIVA could contribute to its affinity for cell poles
and other regions with negatively curved membranes.

Despite the high degree of homology between the N-

terminal domain of DivIVA from S—eeelicotorScoel and B—subtilis
{Bsubt), there are important differences in the regionsinteractinginteractic

with membrane. The tip contains two arginine, two serine,
and two phenylalanine residues in Bsubt compared to four
arginine and two leucine residues in Scoel. The replace-

ment of arginine by serine residues in Bsubt is expected to
weaken the general electrostatic interaction with membrane.
In contrast, the change of leucine to phenylalanine residues
in Bsubt strengthen the hydrophobic interaction with lipids.

by-otherresidues-andlipidsinBsubt—Indeed, the simulated

Bsubt variant had the domain tip buried deeper in the mem-
brane compared to the Scoel variant. Therefore, the Bsubt
N-terminal domain is expected to be more sensitive to the

saturation of lipid tails. Moreover, the negatively charged
side patch is smaller on the Bsubt N-terminal domain, which
further modifies its electrostatic interactions and reduces pref-
erence for POPE lipids. Indeed, no unbinding events from
the negatively charged membrane were observed for the Bsubt
domain and its tilt on the POPE membrane was smaller com-
pared to the Scoel variant.

The observed changes in the demainN-terminal domain
orientation at the membrane could affect the domain bind-
ing to its interaction partners. The availability and expo-
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sure of the negatively charged patches on the domain seems
to be crucial, because Min] membrane protein is known to
bind elose-to-the-negative-patch-on-the-demainin the vicin-
ity of the negatively charged patch [32]. Moreover, a neg-
atively charged patch on the N-terminal domain of GpsB, a
homolog to the N-terminal domain of DivIVA, has already
been identified as a key protein binding site [33]. When the
N-terminal domain of DivIVA is adsorbed on a membrane in
the perpendicular orientation, both its negative patches are
available. In contrast, during the parallel adsorption one of
the patches is interacting with the membrane, while the sec-
ond patch is exposed to the solution. Note that the change in
the orientation of the N-terminal domain is not expected to
interfere with the C-termini oligomerization in Scoel due to
a roughly 130 residues long linker connecting the domains.
In contrast, the linker is only several residues long in the
Bsubt DivIVA, thus change in the N-terminal orientation at a
membrane could interfere with the DivIVA oligomerization.

ThisOur findings suggest an intricate relation between the
domain binding mode and accessibility of the domain sur-
face for its binding partners.

Note that lipids were able to diffuse on average 2 nm
during the time scale of our simulation, therefore the size
of the POPE patch below the domain and the extent of the
domain tilt could be affected by the length of our simula-
tions with multi-component membranes. The limited sam-
pling also prevented us from the calculation of the membrane
induced negative curvature. In order to enhance the sam-
pling we carried out simulations with coarse-grained Martini
model [25, 26, 27]. Unfortunately, these simulations were
not able to reproduce the all-atom behavior and the domain
desorbed from all membranes without cardiolipin. This is
likely to be an imperfection of the coarse-grained model, in
which the electrostatics is rather short ranged and the atom-
istic shape of a molecule is simplified [26, 34].

5. Conclusions

remains—unknown:-We investigated the interaction between
membranes of different lipid compositions and DivIVA pro-
teins, which were shown to have an intrinsic affinity to neg-
atively curved membranes [7, 8, 9, 10, 11] and guide other
proteins to polar ends of the cell. [1, 2, 3, 4, 5] However,
means by which DivIVA adsorb to the membrane and rec-
ognize negative curvature remains unknown.

We investigated the interaction of the N-terminal domain
of DivIVA from S. coelicolor (Scoel) with membranes of
different lipid composition. Using molecular dynamics sim-
ulations, we found that the N-terminal domain adsorbs un-

specificaly to all membranes viawith its tip. The tip inter-
acted via arginine residues with lipid phosphates, especially
with those from cardiolipin. Upon addition of POPE lipids
we observed a change in the domain orientation from per-
pendicular to tilted or even parallel to the membrane plane.
This arrangement was stabilized by the negatively charged
residues on the domain side interacting with partially posi-
tively charged amines in POPE head-groups, which created a
cluster below the domain. The observed behavior was differ-
ent for the N-terminal domain from B. subtilis which binding
to membranes was less electrostatically driven and resulted
in stronger preference for perpendicular orientation than the
domain from Scoel.

SuehThe observed lipid specific interaction could ratio-
nalize the membrane localization of DivIVA and can reg-
ulate binding of other proteins to the domain. Moreover,
because the domain-membrane interaction is dominated by
electrostatics in Scoel, we expect the interaction to be influ-
enced by the properties of surrounding environment such as
pH or salt concentration.
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Highlights

Effect of membrane composition on DivIVA-membrane interaction
Miroslav Jurasek,Klas Flardh,Robert Vacha

e Interaction between membranes with different lipid composition and DivIVA N-terminal domain from Streptomyces
coelicolor was studied via MD simulations and compared to DivIVA N-terminal domain from Bacillus subtilis.

e Lipid composition influenced affinity of the DivIVA N-terminal domain towards the membrane and changed its orien-
tation on the membrane.

e Strongest interaction was observed for POPEphosphatidylethanolamine and cardiolipin, lipids which both posses pref-
erence for negatively eurvatarecurved membranes.
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All-atom simulations

All-atom simulations were performed using CHARMM36 force-field [1] with standard TIP3 water model [2].
Simulations were performed in a NPT ensemble with periodic boundary conditions at temperature 309.15 K and
pressure 1 bar. We employed a leap-frog integrator to solve equations of motion. The Verlet neighbor search with
0.005 kJ mol~! ps~! buffer was used. The temperature in the system was controlled by Nosé—Hoover thermostat[3, 4]
with the time constant 1 ps and pressure was controlled via Parrinello-Rahman barostat[5] with a coupling time of 5 ps
and a compressibility of 4.5 x 107 bar™!. To avoid artificial temperature gradients, solute and solvent were coupled
to thermostat separately. Isotropic pressure coupling was applied in simulations with protein in solution. In systems
with membranes semiisotropic coupling was used with the pressure in the membrane normal and membrane plane
coupled separately. Center of mass movement was removed separately for solvent and membrane with protein every
5 ps. Long-range electrostatics was calculated via PME[6, 7] with direct space cut-off 1.2 nm. Short range Van der
Walls interactions were cut-off at 1.2 nm with force-shift applied from 1.0 nm. All hydrogen atoms bound to heavy
atoms were constrained with LINCS [8].

Coarse-grained simulations

Coarse-grained simulations were carried out using Martini v2.2 force-field [9, 10, 11] with explicit Martini water
and ions. Simulations were performed in NPT ensemble at temperature 320 K and pressure 1 bar with time step set to
20 fs employing the leap-frog integrator. The Verlet neighbor search with 0.005 kJ mol~' ps~! buffer was used. The
temperature was controlled via velocity-rescale algorithm [12] with the time constant of 1.0 ps where the solute and
solvent were coupled separately. Pressure was controlled with Parrinello-Rahman barostat [5] with the time constant
of 12 ps. Compressibility was set to 30 x 107> bar™!. Pressure coupling was applied isotropically with the exception
of membrane systems where the pressure in membrane plane and membrane normal were coupled separately. Both
Coulomb and van der Walls interactions were treated with simple cut-off at 1.1 nm. Interactions beyond cut-off were
smoothly shifted to zero with the potential-shift-verlet algorithm [13], with isotropic permitivity €, = 15. When placed
on the membrane surface the N-terminal domain were restrained with the additional elastic network between Martini
beads to maintain equlibrated protein structure. Elastic bonds were constructed by using default parameters: force
constant was 500 kJ mol-'nm~!, and the lower and upper elastic bond cut-off was set to 0.5 and 0.9 nm, respectively.
Martini simulations with the domain structure held by elastic bonds were denoted as rigid marked by R, otherwise, we
denote them as flexible with F. Simulation times reported in the article are actual simulation times without accounting
for Martini effective speedup of four times. [14]

System preparation

All initial membrane configurations were generated with CHARMM-GUI [15, 16, 17, 18]. Membranes were
solvated in 150 mM aqueous solution of NaCl with additional ions to neutralize the system. Membranes were
equilibrated till area per lipid (APL) converged to steady state (up to 50 ns). We investigated interactions between
DivIVA N-terminal domain and following lipids: phosphatidylcholine (POPC), phosphatidylethanolamine (POPE),
phosphatidylglycerol (POPG), tetramyristoylcardiolipin with charge -1 e (TMCL1), and tetraoleylcardiolipin with
charge -2 e (TOCL2). We tested five different membrane lipid compositions: pure POPC and POPE, 1:1 POPE-
POPC, 1:1 POPG-POPC, 20:7:3 POPE-POPG-TMCLI, 11:5:4 POPC-POPG-TOCL2. Each system consisted of 300
lipids with the exception of POPC-POPG-TOCL?2 system with 320 lipids. Equal number of lipids were distributed in
each leaflet.

The initial all-atom structure of the DivIVA(Scoel) N-terminal domain was taken from homology modeling. For
Martini simulation, the model was coarse-grained using martinize script [19]. All proteins were solvated in explicit
water with physiological 150 mM ion concentration and excess ions to neutralize systems. After equilibration, the



protein structures were combined with membrane systems in three steps. First, the solvent was removed from equi-
librated structures of protein and membrane. Second, both protein and membrane were put together, so that protein
and membrane were in close proximity with the protein aligned along the membrane normal. The N-terminal domain
was oriented with the membrane interaction loop (domain tip — residues 16-21 in Scoel and 15-19 in Bsubt) facing
the membrane. The orientation was chosen based on the reported preference of the loop residues for the membrane
interaction. [20] In the third step, the whole system was solvated in a rectangular box of size 9.5x 9.5 x 14 nm with
~ 30 x 10° TIP3P water or 20.0 x 20.0 x 15.0 nm with ~ 33 x 10* Martini water in AA and CG simulations,respectively.
In both AA and CG systems NaCl salt with physiological 150 nM concentration was added together with excess ions
to neutralize system charge. The exception was POPC-POPG-TOCL2 (CL2) membrane, where more water molecules
~ 42x 10° TIP3P water in a box of 11.2x 11.2x 14 nm or ~ 41 x 10> Martini water in a box of 22.2x22.2x 15.0 nm
were used for AA or CG, respectively.

All protein-membrane systems were equilibrated for at least 80 ns. The exceptionwas—pure-POPC-membrane;
which-was-equilibrated-for50-ns:s were: pure POPC membrane for Scoel variant, pure POPE membranes for both
Scoel and Bsubt variants, and 1:1 POPG-POPC membrane for Bsubt variant, which were equilibrated for 50 ns, 10 ns,
and 10 ns respectively. Production dynamics were 100 ns for all-atom simulations while in MARTINI we simulated
the system for 2 us with flexible domain and 1 us for rigid domain. In Martini simulations, the domain was kept in
a close proximity to the membrane with flat-bottom potential during the equilibration otherwise the domain tends to
dissociate in first few ns. Each membrane composition was simulated in at least two copies which differed in initial
membrane configuration to obtain better and independent sampling. [21] Exception was pure POPE membrane with
the N-terminal domain from Scoel, where only one copy was simulated. The systems were analyzed independently
and the conclusions were drawn based on the similarities between the systems. Analysis of orientation preference was
done only from frames where the interaction between the membrane and the domain was stronger then 0 kJ mol~!.
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Figure S1: RMSD evolution of N-terminal domain a) homology model (Scoel) and b) N-terminal domain (Bsubt) simulated in free NPT simulations.
System seems to equlibrate within first 405 ns. Main source of structure fluctuations are from free ends.Insets show RMSD between snapshots
taken at different times during the simulation. We can see that after initial change in RMSD the structures isare stable and fluctuate within 0.15 nm.
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Flgure S2: Dlstance between membrane center of mass and the N-terminal domain tip for different membrane compositions
syin the DivIVA protein from a) Scoel and b) Bsubt. Here the tip is defined by center of mass of two Arg 19 or two
Phe 17 residues for Scoel or B%ubt variant, respectively. Rough position and width of the membrane is depicted with gray rectangle. Note that in
11:5:4 POPC-POPG-TOCL2 the domain in simulation t2 unbind and rebind to other side of the membrane. Thus both membrane leaflets are shown
across the simulation box which boundary is depicted with dotted line.
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Figure S3: Final configuration of Martini simulations of N-terminal domain (Scoel) on different membrane compositions. Simulations with flexible
and rigid domain are marked with F and R, respectively. For simulation where rigid domain did not adsorb to the membrane snapshots are missing.
Note that in Martini force-field cardiolipin molecules with charge -2 e and -1 e are denoted as CDL1 and CDL2, respectively.
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Figure S4: Clustered configurations of the flexible N-terminal domain (Scoel) that was adsorbed to the membrane surface. Clusters are ordered by
time of their appearance that is depicted bellow. Each box corresponds to different membrane compositions. Cluster representative structures are
shown in colored boxes with colors corresponding to colors in time line. Clusters are numbered base on first time occurrence of given cluster. Time
evolution of the domain unfolding is shown below with colors corresponding to cluster colored frames. Note that in Martini force-field cardiolipin
molecules with charge -2 e and -1 e are denoted as CDL1 and CDL2, respectively.
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Figure S5: Lipid distribution around the flexible N-terminal domain (Scoel) in five different lipid compositions calculated with Martini force-field.
Note that in Martini model TMCL1 and TOCL?2 used in all-atom model are modeled as CDL1 and CDL2, respectively. The N-terminal domain is
depicted with backbone in gray, where darker and lighter corresponds to chain A and B, respectively. Side chain beads are colored based on residue
character: hydrophobic, polar, negatively, and positively charged are yellow, green, red, and blue, respectively. Note that in Martini force-field
cardiolipin molecules with charge -2 e and -1 e are denoted as CDL1 and CDL2, respectively.
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Figure S6: Time dependence of interaction energy between for a) POPC and b) POPE head-groups and all arginine residues (Arg 9, Arg 40,
Arg 43, and Arg 57) except for the tip arginines (Arg 17 and Arg 19). Data-are-derived-for -1-POPC-POPE-membraneData from 1:1 POPE-POPC
membrane with bound N-terminal domain (Scoel) from trajectory t1.
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Figure S7: Interaction between the Scoel N-terminal domain and the pure POPE membrane. a) the final configuration of the 110 ns long simulation.
b) an average interaction strength per one lipid between lipid moieties and the Scoel N-terminal domain. c¢) the Scoel N-terminal domain orientation
on the membrane (for description of axis see Fig. 4). d) Average number density of POPE lipid head-groups around the N-terminal domain of Scoel.
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