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ABSTRACT Bacillus thuringiensis phosphatidylinositol-specific phospholipase C (BtPI-PLC) is a secreted virulence factor that
binds specifically to phosphatidylcholine (PC) bilayers containing negatively charged phospholipids. BtPI-PLC carries a negative
net charge and its interfacial binding site has no obvious cluster of basic residues. Continuum electrostatic calculations show that,
as expected, nonspecific electrostatic interactions betweenBtPI-PLC andmembranes vary as a function of the fraction of anionic
lipids present in the bilayers. Yet they are strikingly weak, with a calculated DGel below 1 kcal/mol, largely due to a single lysine
(K44). When K44 is mutated to alanine, the equilibrium dissociation constant for small unilamellar vesicles increases more
than 50 times (~2.4 kcal/mol), suggesting that interactions between K44 and lipids are not merely electrostatic. Comparisons
ofmolecular-dynamics simulations performed using different lipid compositions reveal that the bilayer composition does not affect
either hydrogen bonds or hydrophobic contacts between the protein interfacial binding site and bilayers. However, the occu-
pancies of cation-p interactions betweenPC choline headgroups and protein tyrosines vary as a function of PC content. The over-
all contribution of basic residues to binding affinity is also context dependent and cannot be approximated by a rule-of-thumb value
because these residues can contribute to both nonspecific electrostatic and short-range protein-lipid interactions. Additionally,
statistics on the distribution of basic amino acids in a data set of membrane-binding domains reveal that weak electrostatics,
as observed for BtPI-PLC, might be a less unusual mechanism for peripheral membrane binding than is generally thought.
INTRODUCTION
The association of peripheral membrane proteins with bio-
logical membranes is classically described as an electrostat-
ically driven approach followed by the intercalation of
hydrophobic groups into the lipid bilayer. Long-range,
nonspecific electrostatic forces between the negatively
charged membrane and clusters of basic amino acids bring
the protein into a binding-competent orientation relative to
the lipid bilayer and play a major role for numerous proto-
typical peripheral membrane proteins (1–4). Experimental
and pioneering computational studies have revealed that
nonspecific electrostatic interactions contribute a few kilo-
calories per mole to the overall affinity. It is also estimated
that each basic amino acid contributes up to 1 kcal/mol to
the binding free energy (2,5).
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Bacillus thuringiensis phosphatidylinositol-specific phos-
pholipase C (BtPI-PLC) is a 34.8 kDa secreted virulence
factor that carries a negative net charge (�7 e) and binds
most tightly to phosphatidylcholine (PC) bilayers contain-
ing negatively charged phospholipids, (e.g., phosphatidyl-
glycerol (PG), phosphatidylserine, phosphatidic acid, and
phosphatidylinositol (6)). Its interfacial binding site (IBS)
consists of a small a-helix, helix B (7), and two neighboring
loops rich in tyrosines that we have shown engage in ca-
tion-p interactions with the choline groups of dimyristoyl-
phosphatidylcholine (DMPC) lipids in neutral bilayers (8).
These cation-p interactions provide a likely molecular
mechanism for BtPI-PLC’s PC specificity (8,9), but do not
account for its preference for bilayers containing a small
fraction of anionic lipids (10).

The affinity of BtPI-PLC has been measured to be tightest
for vesicles containing PC and 20% anionic lipids. For this
composition, the affinity is ~4 times more favorable than
that for neutral vesicles, and a higher anionic lipid content
decreases the affinity considerably (10). Surprisingly, under
the tightest binding conditions, mutating a single lysine
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(K44) to an alanine decreases the binding affinity to 1/55th
of that of the wild-type (WT) protein, corresponding to
~2.4 kcal/mol. This effect is of the same order of magnitude
as the mutation of hydrophobic amino acids of helix B and is
~14 times greater than the fourfold loss of binding affinity
observed for binding to pure PC vesicles versus vesicles con-
taining PC and 20% anionic lipids. If mutating K44 affects
only the nonspecific electrostatic forces involved in the
adsorption of protein onto the phospholipid bilayer, the effect
of removing the anionic lipids should be comparable to that
of mutating K44 and the other basic amino acids. Further-
more, the effect of the K44A mutation on the affinity of
BtPI-PLC toward negatively charged vesicles is strikingly
high compared with values found in the literature (2,5).

Here, we investigate the forces that driveBtPI-PLC’s spec-
ificity for negatively charged PC-containing vesicles by sepa-
rately addressing the two steps that govern membrane
affinity: association (kon) and dissociation (koff). Although
the former is fast, the dissociation that follows is compara-
tively slow and constitutes the rate-limiting step. As a conse-
quence, in systems where the protein binds to the membrane
without undergoing significant conformational changes or in-
teracting with another protein, the affinity for the membrane
is mostly accounted for by interactions between the protein
IBS and lipids. As these interactions are difficult to assess
experimentally, molecular dynamics (MD) simulations are
widely used to evaluate IBS-lipid interactions (11–14).

Using multiple 500-ns-long MD simulations of BtPI-PLC
at the surface of pure DMPC, pure dimyristoylphosphatidyl-
glycerol (DMPG), and mixed DMPC/DMPG (composition
described by mole fraction PC, XPC) bilayers, we mapped
specific protein-lipid interactions and investigated how
these interactions are influenced by the anionic lipid con-
tent. We also evaluated the nonspecific electrostatic contri-
butions of key basic amino acids to the association step
using continuum electrostatic calculations, which were
previously used to quantify the role of electrostatics in pro-
tein-membrane association (15,16). We determined experi-
mentally the effect of mutating key basic amino acids to
alanine by using fluorescence correlation spectroscopy
(FCS) to measure the affinity of BtPI-PLC variants for small
unilamellar vesicles (SUVs). Combining the computational
and experimental data allowed us to formulate a complete
model of BtPI-PLC membrane binding. A novel character-
istic of this model is the unusually weak nonspecific electro-
static contribution due to the curiously low number and
distribution of lysines and arginines on the BtPI-PLC sur-
face. The rather unexpected character of this finding led
us to evaluate how (un)common such a distribution is among
peripheral membrane proteins. We thus analyzed the num-
ber and distribution of basic amino acids in a database of pe-
ripheral membrane-binding proteins, and found that a
significant number of peripheral membrane proteins are
highly likely to also display weak nonspecific electrostatics.
We propose that such weak interactions could be beneficial
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for the function of some classes of peripheral membrane
proteins, particularly those that must exhibit a quick
response to environmental changes.
MATERIALS AND METHODS

MD simulations

As no x-ray structure is available for WT BtPI-PLC, we built a model as

described by Grauffel et al. (8), using the x-ray crystal structures of the

BtPI-PLC Y247S/Y251S (17) (PDB ID: 3EA1) and W47A/W242A (18)

(PDB ID: 2OR2) mutants. The starting orientation of bilayer-bound BtPI-

PLC was obtained from the same study and based on implicit membrane

simulations (8).

The protocol used for bilayer preparation is described in Supporting

Materials and Methods in the Supporting Material. The protein was manu-

ally docked on the preequilibrated mixed bilayers as described in Grauffel

et al. (8), using membrane orientations obtained from BtPI-PLC MD simu-

lations with an implicit membrane model (8). Lipids located within 2 Å of

the protein were removed to avoid coordinate overlap and steric clashes.

The system was then minimized as described by Grauffel et al. (8) and sol-

vated with TIP3P water molecules using VMD (19). After solvation, if the

system had a net charge, additional sodium ions were added by randomly

replacing water molecules to achieve an overall charge neutral system.

MD simulations of bilayer-bound BtPI-PLC

The combined protein-lipid system was then subjected to two short (400 ps)

equilibrations in the NVT ensemble with constraints on the protein back-

bone. Subsequently, we equilibrated the system for 2 ns in the NPT

ensemble without any constraints before finally performing the 500 ns

NPT simulation. The temperature was set to 310 K during the simulation

with a 2 fs integration time step in NAMD (v2.9) (20). In all cases the tem-

perature was controlled using Langevin dynamics (temperature damping

coefficient: 1.0) and the pressure was set to 1 atm using the Langevin piston

method (21) with an oscillation period of 200 fs and a damping timescale of

50 fs. The CHARMM all-atom force field (22) (c22 including the CMAP

correction) (23) and the force field update for lipids (CHARMM36) (24)

were then used for all of the 500 ns simulations. Trajectory conformations

were saved every 10 ps. Two simulations were performed for each lipid

composition, and in the second replicate the protein was rotated by 180�

around the bilayer normal (z axis) to allow for different initial protein-lipid

contacts. This rotation was done to avoid bias in protein-lipid interactions

due to the initial distribution of lipids under or around the protein, and

also to improve the sampling. Analyses of the trajectories were performed

using CHARMM (v33b1) (25) and VMD (v1.9.1) (19) on the last 450 ns of

each simulation in a manner similar to that described in Grauffel et al. (8).

We first checked that the simulations had converged. All simulations with

XPC > 0 converged to a stable BtPI-PLC anchorage at similar insertion

depths and with no significant structural changes compared with the

x-ray crystal structure. The backbone root mean-square deviation

(RMSD) is at most 1.61 Å (see Supporting Materials and Methods;

Table S2). Moreover, the interactions between protein amino acids and

lipids converge to a pattern that is reproduced by both replicas. Hydropho-

bic interactions and hydrogen bonds were assigned as described in Support-

ing Materials and Methods. Cation-p interactions between the aromatic

amino acids (Tyr, Phe, and Trp) and the choline group of the DMPC lipids

were assigned as described earlier (8,26). Hydrophobic contacts, hydrogen

bonds, and cation-p interactions were averaged over the two replicas.
Continuum electrostatic calculations

We extracted the structures of the bilayers after the simulations to perform

continuum electrostatic calculations by solving the Poisson-Boltzmann
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(PB) equation. These equilibrated bilayers provide a better description of

the membrane than ideal flat bilayers (i.e., nonequilibrated lipid bilayers)

such as those used in previous studies (15,16). For these calculations, we

prepared the protein-membrane complex by placing the protein with its

membrane-binding orientation above the bilayer upper leaflet. We defined

the minimum protein-membrane distance (d) as the z distance between

the HD1 atom of Ile43 and the maximum z coordinate of the bilayer.

HD1 is a hydrogen atom on the Cd atom of Ile43 and was chosen because

it is the most deeply anchored atom in the membrane-binding conformation.

The initial position of the protein was set to d¼ 12 Å. The protein was then

gradually translated toward the membrane. Both the protein and the mem-

brane were kept rigid. PB calculations of the electrostatic potential were

carried out using APBS (version 1.3) (27). This electrostatic potential

and those obtained from the bilayer and the protein were then used to calcu-

late the electrostatic free energy (28,29). A similar scheme has been used

for other proteins (15,16,30). The nonpolar contribution to the binding

free energy was not evaluated, as that was not the goal of this work.
Database statistics

The statistics for net charges and the distributions of basic amino acids in

peripheral membrane proteins were obtained from a curated data set based

on the Orientations of Proteins in Membranes (OPM) database (31). This

database contains membrane-associated proteins and predictions of their

orientation in a DOPC bilayer model. We selected all protein families of

the OPM classification type monotopic/peripheral, for a total of 337 fam-

ilies. For each selected family, we obtained the average net charges, bcF.

We defined solvent-exposed residues to be those with at least 20% of their

surface contributing to the protein surface in its maximal exposure. Using

MMTK (32), we calculated the surface contributions from each atom using

a radius around the atom equal to the sum of its van der Waals radius and a

fixed 1.4 Å term to mimic water accessibility. Maximal exposure for each

residue type was obtained from a random-coil model (33). We defined the

insertion coordinate, i, of a point to be the distance from that point to the

end of the hydrocarbon region of the membrane in the membrane model

employed in the OPM database (34). This distance was made negative

for points on either of the hydrated sides of the membrane of the membrane.

We use nbasicp ðz; xÞ to denote the number of solvent-exposed basic amino

acids in protein, p, that have a carbons with insertion coordinates z % i

and i < x. The number of basic amino acids at the IBS is then taken to

be nbasicp (0,�10 Å), and we report the family average, wbasic
F . We also calcu-

lated the average surface density of basic amino acids at varying distances

from the membrane ðnbasicp ðz; xÞ=nanyp ðz; xÞÞ, which we report as dbasicS (more

details are provided in Supporting Materials and Methods).
Expression and purification of BtPI-PLC and its
variants

All BtPI-PLC mutants were constructed from the plasmid containing the

mutant N168C BtPI-PLC gene, using a QuikChange Site-Directed Muta-

genesis Kit from Agilent Technologies (Santa Clara, CA). The Cys at

168 was used to fluorescently label the proteins for FCS experiments.

Mutated genes were sequenced to ensure that the correct mutations had

been incorporated and no other mutations had arisen. All BtPI-PLC variants

expressed at high levels in Escherichia coli and were purified in two chro-

matographic steps (elution on a Q-Sepharose fast-flow column and then on

a phenyl-Sepharose column) as described previously for recombinant BtPI-

PLC (35). More than 90% purity was achieved as monitored by SDS-PAGE.

Protein solutions were concentrated and the protein concentration was

calculated from the absorption at 280 nm using extinction coefficients esti-

mated by ProtParam (36). The composition of secondary-structure ele-

ments, estimated from far-UV circular dichroism data, was essentially the

same for all of the variants, indicating that no significant secondary-struc-

ture changes had occurred (see Table S9). We assessed the thermal stability
of BtPI-PLC by using far-UV circular dichroism and monitoring the ellip-

ticity at 222 nm while increasing the sample temperature 0.5� per minute

(7,37). We determined the specific activities of all variants (see Supporting

Materials and Methods) toward SUVs prepared by sonication and

composed of 2 mM phosphatidylinositol (PI) plus various concentrations

of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) in 50 mM HEPES

(containing 1 mg/mL bovine serum albumin), pH 7.5. For pure PI and

PI/PC (4:1) SUVs, the total phospholipid concentration was below or com-

parable to the Kd; hence, the mutant-specific activities were lower than

observed for the WT enzyme. For PI/PC SUVs with XPC ¼ 0.5 and 0.8,

the total phospholipid concentration was above the apparent Kd for all of

the Lys/Arg to Ala mutants except K44A. Specific activities were measured

by 31P NMR spectroscopy as described previously (6,10). All phospholipids

were obtained from Avanti Polar Lipids (Alabaster, AL).
FCS measurements of BtPI-PLC binding to SUVs

FCS-based SUV binding experiments take advantage of the fact that protein

binding to vesicles slows translational diffusion. FCS experiments were

performed using BtPI-PLC variants labeled at N168C with Alexa Fluor

488 maleimide and an in-house-built confocal setup based on an IX-70 in-

verted microscope (Olympus, Center Valley, PA) as previously described

(37) (see Supporting Materials and Methods). SUVs composed of PG and

PC were prepared by sonication of rehydrated lipid films. The compositions

are denoted by XPC, the mole fraction of PC.
RESULTS

Influence of PC content on short-range specific
protein-lipid interactions

To determine the roles of short-range protein-lipid interac-
tions in BtPI-PLC membrane affinity, and to identify the in-
teractions responsible for lipid specificity, we performed
multiple 500-ns-long MD simulations for BtPI-PLC docked
to preequilibrated DMPC/DMPG bilayers with four
different DMPC mole fractions: XPC ¼ 0, 0.5, 0.8, and 1.0
(Supporting Materials and Methods; Table S1). The results
for XPC ¼ 1.0 were taken from earlier reported simulations
(8). Although the residence time of BtPI-PLC on SUVs has
been measured to be a few hundreds of milliseconds (9), the
use of shorter MD simulations to map relevant protein-lipid
interactions has proven reliable (8,9,38). To avoid bias due
to the initial distribution of lipids around the protein, we
repeated all of the simulations using different initial protein
positions in the membrane plane. We also performed a simu-
lation using the K44A BtPI-PLC mutant bound to an anionic
membrane (XPC ¼ 0.8).

Interactions with a pure DMPG bilayer (XPC ¼ 0)

Both simulations of WT BtPI-PLC docked to pure DMPG
bilayers indicated loose binding of the protein to pure
DMPG bilayers compared with DMPC-containing bilayers.
In one of the simulations, the protein completely detached
from the bilayer within 200 ns (Fig. 1). In the other simu-
lation, the protein remained bound but the structure of
the b7-aG loop (also called the rim loop) became distorted
(Fig. 2). The average backbone RMSD of b7-aG along
the simulation time is 1.8 5 0.4 Å, compared with
Biophysical Journal 110, 1367–1378, March 29, 2016 1369



FIGURE 1 Snapshots from one of the MD simulations of WT BtPI-PLC

on a DMPG bilayer (XPC ¼ 0, replica 2). (A) System at the beginning of the

production run. (B) System after 200 ns. BtPI-PLC is represented by

cartoons and the lipids are shown with sticks. The secondary-structure ele-

ments relevant for this study are labeled: helix B, aB; helix D, aD; helix F,

aF; helix G, aG. For the sake of clarity, water molecules and ions are not

shown. To see this figure in color, go online.

FIGURE 3 BtPI-PLC secondary-structure elements and their calculated

insertion at the interface of a mixed DMPC/DMPG bilayer (XPC ¼ 0.5).

BtPI-PLC is represented by cartoons. The relevant secondary-structure ele-

ments are labeled as in Fig. 1. Helix B is inserted beyond the phosphate

plane (dark slab) of the mixed bilayer. To see this figure in color, go online.
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0.4 5 0.1 Å in simulations with PC-containing bilayers
(see Fig. S1). Compared with those simulations, we also
observed a loss of long-lived backbone hydrogen bonds
(N243-G238, N243-T240, and Y248-S244) in the rim
loop. A similar distortion of the b7-aG loop was observed
in simulations of the free Y248A variant, which showed
impaired lipid binding with an apparent Kd ~150 times
higher than that of WT BtPI-PLC toward vesicles with
XPC ¼ 1 (8).

Interactions with DMPC/DMPG bilayers: XPC ¼ [0.5, 0.8, 1]

All of the simulations with bilayers containing PC lipids
yielded stable BtPI-PLC anchorage, with no significant
structural changes compared with the x-ray crystal structure.
The backbone RMSD is at most 1.61 Å (average values for
each simulation are provided in Table S2). The protein
anchored helix B and the rim loop in the bilayer interface
(Fig. 3) at similar depths (Fig. 4) independently of the PC
lipid content.

For each of the three bilayer compositions, we invento-
ried the interactions that occurred between the bilayer lipids
and protein residues located at the interface. We report in
Table 1 the numbers of hydrogen bonds, hydrophobic con-
FIGURE 2 Comparison of the BtPI-PLC membrane-bound secondary

structure after a 500 ns simulation for XPC ¼ 0 (red, pure DMPG) and

XPC ¼ 0.5 (blue). The backbone structures were aligned using PyMOL

(39). For the sake of clarity, lipids, water molecules, and ions are not shown.

The essential intramolecular interactions within the rim loop (b7-aG) are

lost at XPC¼ 0, causing a distorted loop structure (arrow). To see this figure

in color, go online.
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tacts, and cation-p interactions per frame, averaged over
each of the bilayer compositions and replicas (the corre-
sponding values per amino acid are provided in Table S3).
Briefly, three main BtPI-PLC regions mediate most of the
interactions with lipids, namely, helix B, the b2-aD loop,
and the b7-aG loop. Helix B anchors deepest, with most
of its amino acids below the phosphate plane (Figs. 3
and 4). Residues 238–242 of the b7-aG loop are also in-
serted below the average phosphate plane (Table S4). All
three anchored regions mediate hydrophobic interactions
with multiple lipid tails; for example, helix B mediates
25–26 hydrophobic contacts irrespective of the PC content
in the bilayer (Fig. 5 A). The hydrophobic contacts mediated
by BtPI-PLC with the lipids do not vary significantly with
XPC. The same applies to hydrogen bonds. We observe
long-lived hydrogen bonds between lipid phosphate groups
and the side chains of charged (K44, R71, K122, and K201),
polar (S236 and S244), and aromatic residues (Y88, Y246,
Y247, and Y251), as well as the backbones of polar residues
(Q40 and N41). However, there is no correlation between
the number and stability of these hydrogen bonds and the
mole ratio of PC lipids in the bilayers.

The trend is different for cation-p interactions between
choline headgroups of PC lipids and tyrosines. The overall
number of cation-p interactions clearly increases with PC
enrichment. In a previous study (8), we reported that Y88,
Y204, Y246, or Y251 engaged in high-occupancy cation-p
interactions in simulations of BtPI-PLC with pure DMPC
bilayers. Here, upon addition of DMPG to the bilayers, we
observed that the occupancy of cation-p interactions varied
with XPC (Fig. 5 B). The occupancies of the cation-p inter-
actions mediated by Y246, Y251, and Y204 increased from
XPC ¼ 0.5 to XPC ¼ 0.8, but not significantly between
XPC ¼ 0.8 and 1.0. Although we ensured that the simula-
tions were not biased by the initial lipid distribution, we
cannot rule out the possibility that this apparent saturation
is an artifact of the relatively short timescale of our
simulations. Y88 and Y246 are located close to the IBS
and mediate the cation-p interactions with the highest



FIGURE 4 Electron density profiles (EDPs)

from MD simulations for three different bilayers.

(A, C, and E) Protein and lipids (r1, replica 1; r2,

replica 2) for XPC ¼ 1, 0.8, and 0.5. (B, D,

and F) Deepest inserted helix (aB) and phosphate

groups of the upper lipid leaflet. Note that the plain

lines for protein r1 and protein r2 overlap almost

perfectly. To see this figure in color, go online.
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occupancy. They are also the Tyr residues whose mutation to
alanine has the largest effect on a protein’s affinity for SUVs
(8) (also see Fig. S2). Overall, the occupancy of these inter-
actions for tyrosines 86, 88, 204, 246, 247, and 251 corre-
lates qualitatively with the effects of their mutation to
alanine on BtPI-PLC’s affinity for SUVs (cf. Grauffel
et al. (8) and Fig. S2). Y251 is the only tyrosine that we
observed to mediate two cation-p interactions simulta-
neously, with an occupancy of up to 11% at XPC ¼ 0.8
(r1), which may be due to the accessibility of its side chain
to PC lipids (see Tables S5 and S6).

Interactions of BtPI-PLC K44Awith amixed bilayer: XPC¼ 0.8

Experimental data indicate that mutating K44 to alanine
drastically affects the affinity of BtPI-PLC for SUVs.
Here, we investigated the effect of this mutation on
specific protein-lipid interactions by docking K44A
BtPI-PLC on a mixed bilayer (XPC ¼ 0.8). In contrast to
simulations with a pure DMPG bilayer or the Y248A
mutant in water (8), K44A remained bound to the mem-
brane surface with an unaltered structure. The average
RMSD of the protein backbone along the simulation
time relative to the energy-minimized K44A structure is
1.5 5 0.2 Å. An analysis of the depth of anchorage for
different amino acids shows that there is negligible varia-
TABLE 1 Inventory of Interactions with Pure DMPC and Mixed

Bilayers

XPC

Interactions 0.5 0.8 1.0

Hydrogen bonds 7.9/4.4 7.0/7.6 7.8/6.9

Hydrophobic contacts 49.2/41.1 41.7/40.2 45.0/42.3

Cation-p 2.5/2.2 2.8/2.9 3.6/3.0

The average numbers of hydrogen bonds, hydrophobic contacts, and

cation-p per frame are given for each replica (r1/r2).
tion along the simulation, but major interactions are lost
(cf. Table S7). In particular, an important protein-lipid
hydrogen-bond network around helix B, involving Q40
and N41 backbone atoms, the K44 side chain, and
DMPC phosphates, is lost (8). As a consequence, the num-
ber of hydrogen bonds mediated by helix B is low
compared with the WT. Moreover, helix B mediates
slightly fewer hydrophobic contacts per frame (24.7 vs.
25.7, respectively). As might be expected, the occupancies
of the cation-p interactions are generally comparable to
those observed for WT BtPI-PLC.
Nonspecific electrostatic interactions upon
membrane association

The BtPI-PLC IBS includes five lysines (K38, K44, K122,
K201, and K279) and one arginine. Whereas K44 is located
on helix B, the four other lysines and one arginine (R71) are
carried by other structural elements and do not form the
FIGURE 5 Influence of bilayer composition on short-range protein-lipid

interactions. (A) Average number of hydrophobic contacts per frame be-

tween helix B amino acids and the bilayer lipids as a function of XPC.

The membrane composition has no significant effect on hydrophobic inser-

tion. (B) Cation-p interactions between Tyr amino acids and choline head-

groups of DMPC lipids. The occupancies along the simulation are plotted

with respect to the membrane PC content. To see this figure in color, go

online.
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FIGURE 7 Electrostatic free-energy profile of WT and mutants with an

anionic membrane (XPC ¼ 0.8), using a 0.1 M salt concentration.

A hydrogen atom in Ile43 (CHARMM nomenclature HD1) is the closest

BtPI-PLC atom to the membrane in the membrane-binding orientation,

where the approach is along the z axis perpendicular to the membrane.

The position of this atom relative to the membrane is decreased to drag

the protein toward the membrane while keeping both the protein and the

membrane rigid. Errors arising from grid spacing are evaluated to

be <0.003 kcal.mol�1 (for details, see Supporting Materials and Methods).

To see this figure in color, go online.
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obvious cluster(s) that are often described for membrane-
binding domains. This leads us to ask about the magnitude
of nonspecific electrostatic interactions between proteins
and negatively charged membranes.

Electrostatic free-energy profile

We calculated the electrostatic component of the binding
free energy by using continuum electrostatics and solving
the PB equation (cf. Supporting Materials and Methods
and Fig. S3). This approach has been successfully used to
describe the electrostatic properties of proteins, nucleic
acids, and membranes (27,40,41). Note that the chosen
approach only allows us to reasonably estimate the electro-
static contribution when the protein is above the modeled
membrane and not at its most favorable anchorage depth.
The latter is measured by the MD simulations presented
above to be ~8–10 Å below the membrane surface, as
measured by the position of the center of mass of isoleucine
43, the deepest-anchored residue.

Electrostatic potential isocontours at 51 kBT/e for BtPI-
PLC (Fig. 6 A) show large negative regions. The positive
regions are more restricted in size, with one of the larger pos-
itive regions located around helix B. The profile of the elec-
trostatic free energy for WT approaching a negatively
charged bilayer (DMPC/DMPG, XPC ¼ 0.8) shows a mini-
mum at a protein-membrane distance, d, of 3–4 Å (Fig. 7).
The electrostatic free energy is at most �0.25 kcal/mol,
much lower than that reported for other membrane-binding
domains using the same computational approach (from �3
to �5 kcal/mol) (16). The electrostatic free energy becomes
less favorable as the protein moves toward the membrane
from this minimum, eventually becoming unfavorable
when the protein is in contact with the membrane surface
(þ0.4 kcal/mol) and crosses the upper limit of the membrane
(þ1.1 kcal/mol) (Fig. 7). The favorable contribution is
largely due to K44, and the K44A mutation almost
completely abolishes the favorable DGel (Figs. 6 B and 7).
Mutations at other positively charged residues (K38, R71,
K122, K201, and K279) affect DGel to a lesser extent, with
a value of ~�0.1 kcal/mol at the most favorable distance.
FIGURE 6 (A and B) Calculated electrostatic potentials of (A) WT BtPI-

PLC and (B) K44A. The isocontours at þ1 kBT/e (blue) and �1 kBT/e

(red) are shown. Note the change of the isosurface around the K44A muta-

tion site in helix B (black circle). The images were prepared using VMD

(19). To see this figure in color, go online.
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Effect of membrane composition and salt concentration

We evaluated the dependence of the protein electrostatic
free energy on lipid composition by calculating the electro-
static free energy at d ¼ 3 Å for decreasing ratios of DMPC
lipids (XPC ¼ 1.0, 0.8, 0.5, and 0) (Fig. 8 A). The electro-
static free energy is slightly unfavorable for a neutral mem-
brane (0.1 kcal/mol) and decreases monotonically with the
PC content until XPC ¼ 0.5 (DGel ¼ �0.68 kcal/mol). It
then increases to �0.42 kcal/mol with XPC decreasing to
zero, in agreement with experimental data (42).

We further calculated DGel for d ¼ 3 Å and XPC ¼ 0.8
at salt concentrations ranging from 0.025 to 0.7 M
(Fig. 8 B). BtPI-PLC shows a quasi-parabolic dependence
of the electrostatic free energy on salt concentration.
At the lowest ionic strength tested (0.025 M), the electro-
static free energy of interaction between the protein and
the membrane is slightly unfavorable (0.08 kcal/mol).
It then quickly becomes more favorable until a salt con-
centration of 0.1 M (�0.25 kcal/mol) is reached, which
is also approximately the physiological ionic strength
surrounding the target eukaryotic cell. It then gradually
becomes less favorable with increasing salt concentra-
tions. This behavior can be explained by the fact that
the unfavorable interactions between the protein and the
bilayer are not significantly screened at low salt con-
centrations (see the large negative electrostatic potential
isocontours shown in Fig. 6 A). However, it is impor-
tant to note that the electrostatic partitioning of BtPI-
PLC is low.



FIGURE 8 Influence of bilayer composition and salt concentration on the

calculated electrostatic free energy. (A) The electrostatic free energy be-

comes more favorable as XPC decreases from 1 to 0.5, and increases

from XPC ¼ 0.5 to XPC ¼ 0. Calculations were done at 0.1 M KCl and

with a protein-membrane distance of 3 Å (minimum DGel in Fig. 7).

(B) Electrostatic free energy as a function of salt concentration, which

was varied from 0.025 to 0.7 M KCl (XPC ¼ 0.8). The protein is in the

same position with respect to the bilayer in (A) and (B).
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Affinity of BtPI-PLC variants for SUVs

Using FCS, we determined the SUV binding affinities for a
selection of BtPI-PLC mutants that were chosen to test the
computational predictions (Fig. 9; Table S8). K38, R71,
and K279 are basic amino acids located in or close to the
IBS of BtPI-PLC. Their mutation to alanine does not signif-
icantly affect the protein structure (cf. Table S9) and they all
show comparable enzymatic activity relative to the WT at
FIGURE 9 Binding of BtPI-PLC WTand cationic amino acid variants to

SUVs. The apparent Kd is plotted as a function of XPC. Apparent Kd values

are provided in Table S8.
XPC ¼ 0.5 (Fig. S4). Lower specific activity toward
XPC ¼ 0 and 0.2 SUVs correlates with the loss of bind-
ing affinity provided by the removal of a given Lys or Arg
(cf. Fig. S4 B).

Experiments measuring the affinity of the mutants for
PC/PG SUVs show that R71A and K279A have apparent
dissociation constants, Kd, that are 2–4 times higher than
that of the WT toward SUVs containing XPC ¼ 0–0.5, and
these mutants recover binding affinity at higher XPC values,
presumably due to the increased importance of specific tyro-
sine-mediated cation-p interactions with PC relative to elec-
trostatics. The K38A mutation is more perturbing, with an
~10-fold lower Kd relative to the WT for 0.3–0.5 XPC

SUVs and little recovery of affinity at XPC ¼ 1, suggesting
that this mutation may perturb more than nonspecific elec-
trostatic interactions. However, none of these variants
show the R2 orders of magnitude increases in Kd observed
for K44A interactions with SUVs containing 0.1–0.9 XPC.
This result suggests that this cationic residue makes the
largest contribution to the electrostatic interactions of the
protein with the membrane. For SUVs with XPC between
0.7 and 1.0, the Kd of K44A is relatively constant (0.4 5
0.1 mM). The Kd of K44A toward pure PC SUVs is
20-fold higher than that of the WT. The simulations indicate
that electrostatic interactions are unfavorable for WT bind-
ing to PC bilayers. Simulations with K44A also indicate that
cation-p occupancies are not affected. However, a key pro-
tein-lipid hydrogen-bond network around helix B that inter-
acts with DMPC phosphates is lost. The loss of these
interactions could certainly account for the much higher
than expected Kd of K44A for pure PC vesicles.
Distribution of basic amino acids in a database of
peripheral membrane proteins

The low electrostatic partitioning combined with the major
role of one particular basic residue is unexpected for a periph-
eral membrane protein. Our MD simulations and continuum
electrostatic calculations indicate that this is due to the small
number and spatial distribution of basic amino acids at the
BtPI-PLC IBS. To determine whether this feature of BtPI-
PLC is shared by other peripheral membrane proteins, we
performed a statistical analysis on the predicted membrane
orientations of proteins classified as peripheral/monotopic
in the OPM database (31). The distribution of overall charges
(Fig. 10 A) reveals that the balance of acidic and basic amino
acids in these proteins does not show any overrepresentation
of net positive charge. Themean density of basic amino acids
on the protein surface seems to be slightly higher close to
membrane headgroups (Fig. 10 B, where the phosphate den-
sity is expected to peak at insertion coordinates around�4 Å
(34)). The distribution of the mean number of basic amino
acids within 10 Å of the end of hydrocarbon region
(Fig. 10C) indicates that it is not uncommon for protein fam-
ilies in the data set to have three or fewer basic residues in this
Biophysical Journal 110, 1367–1378, March 29, 2016 1373



FIGURE 10 Peripheral membrane proteins often lack large basic

patches. (A) Distribution of mean net charges ðbcFÞ for protein families in

OPM. (B) Mean surface density of basic amino acids ðdbasicS Þ as a function
of position along the membrane normal in predicted membrane-binding ori-

entations from OPM. Positive values along the insertion axis correspond to

the hydrocarbon region of the membrane. (C) Distribution of the mean

number of basic amino acids close to the membrane ðwbasic
F Þ.
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region. These results suggest that BtPI-PLC is not unique,
and that many peripheral membrane proteins may lack large
surface clusters of basic amino acids.
DISCUSSION

Using computations, we have identified protein-lipid
interactions (Figs. 5 and 7; Tables S3 and S7) that are in
agreement with the membrane-affinity data obtained for
BtPI-PLC variants with tyrosine (Fig. S2) or basic amino
acid mutations (Fig. 9). Using continuum electrostatic cal-
culations, MD simulations, and FCS affinity measurements,
we can thus formulate a complete model of BtPI-PLC
specific binding to anionic PC-containing vesicles. Weak
nonspecific electrostatic interactions are dominated by
Lys44, which upon mutation yields a loss of affinity result-
ing from the loss of not only nonspecific electrostatic inter-
actions but also short-range interactions with bilayer lipids.
The number of hydrogen bonds and hydrophobic contacts
between the protein and lipids is not affected by the lipid
composition. Instead, the balance between weak nonspecific
electrostatics and opportunistic cation-p interactions en-
sures that the protein will interact preferentially with
anionic vesicles containing large amounts of PC lipids.
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Opportunistic choline-tyrosine cation-p
interactions

Simulations of the enzyme at the interface of pure DMPG
bilayers show a loose complex with a clear loss of short-
range protein-lipid interactions, and in one of the MD rep-
licas the protein dissociates from the bilayer after 200 ns.
This result is particularly meaningful for a simulation
started with the protein anchored at the bilayer interface,
and is consistent with the weak vesicle affinity measured
by FCS. On the other hand, the 500-ns-long MD simulations
of BtPI-PLC at the surface of mixed PC/PG bilayers result in
a stably anchored protein. In agreement with previous
experimental and computational studies, both helix B and
the rim loop intercalate hydrophobic amino acids into the bi-
layers (7,8,35). However, neither hydrophobic contacts nor
hydrogen bonds between the protein and lipids are depen-
dent on the bilayer composition (cf. Table 1 and Fig. 5 A).

The simulations show that the occupancies of cation-p in-
teractions between choline headgroups of DMPC and tyro-
sines vary as a function of DMPC content for the Tyr
residues that make the largest contributions to membrane
affinity (Y88, Y204, Y246, and Y251). Furthermore, the oc-
cupancies of these interactions during the simulations corre-
late qualitatively well with the effect their mutation has on
the binding affinities of BtPI-PLC (cf. Fig. S2): the higher
the measured effect on the apparent Kd, the greater the oc-
cupancy of these interactions during the WT simulations.
It is important to note that, unlike cation-p interactions
observed in ligand-receptor binding (e.g., acetylcholine
esterase (43) or histone tails (44)), BtPI-PLC does not re-
cruit choline groups to PC high-affinity binding sites.
Rather, these interactions are opportunistic and occur sto-
chastically in the presence of PC lipids. The opportunistic
nature of these interactions might also explain the apparent
saturation of cation-p interactions between Y246, Y251,
and Y204 at high XPC. The opportunistic character of the
choline-protein interactions serves the function of BtPI-
PLC well, as it is a virulence factor that recognizes the
extracellular leaflets of eukaryotic membranes, which have
a high PC content.

Although the ability of CHARMM and other force fields
to reproduce cation-p interactions between tryptophans and
methylated lysines has been investigated (45), we are not
aware of similar studies for interactions involving tyrosines.
Even though our results cannot replace a systematic bench-
mark, they indicate that the force field provides a qua-
litatively satisfactory description of the tyrosine-choline
interactions.
Unlike other basic amino acids, K44 is an
interfacial residue

Another striking feature of BtPI-PLC is the large effect that
mutating a single lysine into an alanine has on the apparent
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Kd. For vesicles with XPC ¼ 0.8, the mutation of K44 to
alanine decreases the affinity ~55-fold compared with the
WTor a contribution of 2.4 kcal/mol, which is clearly higher
than the calculated electrostatic contribution (<1 kcal/mol).
It is also higher than early reports of the contribution of
basic amino acids to membrane binding. For example,
Kim and co-workers (5) reported that the binding affinity
of short basic peptides for vesicles containing acidic lipids
was increased 10-fold by the introduction of each additional
lysine, independently of the identity of the anionic lipid.
This represents a contribution to the binding free energy
of ~1.4 kcal/mol. Similarly, membrane targeting of the pro-
tein kinase pp60src (Src) and mutation of two of the six
basic amino acids to neutral asparagines increased the Kd

by 100, and mutation of five of the six increased the Kd

by another order of magnitude. The latter is similar to the
binding affinity of WT Src for neutral PC vesicles, showing
that in that case, mutation of the basic cluster mainly affects
the electrostatic interaction between Src and negatively
charged vesicles (46). In addition, Wimley and White (47)
reported a free energy of ~1 kcal/mol for the transfer of
lysines to the interfacial region of POPC large unilamellar
vesicles.

For BtPI-PLC, the large effect of the K44A mutation is in
agreement with what is expected from the computed transfer
free energies of lysine and alanine side chains to the inter-
face of a DOPC bilayer (48): �4.4 and �1.6 kcal/mol,
respectively. The difference represents the cost of replacing
the lysine by an alanine and amounts to 2.8 kcal/mol. Thus,
the high contribution of Lys44 to membrane binding is due
to its position in the headgroup region, where it participates
in hydrophobic interactions with the lipid tails and long-last-
ing hydrogen bonds with lipid phosphate groups. K44 is
located close to the average plane of the phosphate groups
in the different bilayers, whereas other positively charged
residues (i.e., K38, R71, and K279) are farther away from
the IBS (Table S4). This also correlates with the moderate
effects of the K38A, R71A, and K279A mutations on
BtPI-PLC affinity (Fig. 9).

Looking at the computed free energy of transfer of a
lysine side chain through POPC bilayers as a function of
the distance from the center of the membrane is very infor-
mative. The slope is rather steep along the 5–10 Å that sepa-
rate the bulk from the preferred position of the charged side
chain, with a difference between the two environments of
~2.5 kcal/mol (48–50). Thus, the contribution of basic
amino acids at the IBS of peripheral membrane proteins
will vary significantly depending on their position. The
environment of these positive side chains and any intramo-
lecular interactions they might engage in are also expected
to modulate their contributions. Furthermore, our survey
of the OPM database (31) shows that the distribution of sur-
face basic amino acids in peripheral membrane proteins
with respect to the membrane normal is rather broad
(Fig. 10 B), indicating a potentially broad range of contribu-
tions of these amino acids to the affinity of peripheral mem-
brane proteins for biological membranes. Thus, it is difficult
to formulate a rule of thumb for the average contribution of
each basic amino acid to peripheral membrane binding,
since the magnitude of such contributions is context
dependent.
Weak nonspecific electrostatic interactions

Our analyses of the simulations show that the short-range in-
teractions that determine koff do not explain BtPI-PLC’s
specificity for PC vesicles containing negatively charged
phospholipids. Therefore, we evaluated the interactions
that contribute to kon using continuum electrostatic
methods, a qualitative approach that has proven reliable
for that purpose. As expected, the calculated electrostatic
contributions to BtPI-PLC’s association with bilayers de-
pends on the anionic lipid content and is most favorable
with equal amounts of zwitterionic and anionic lipids. It is
less favorable for increasing amounts of PG anionic lipids.
These results agree with the experimental data (42) and
are due to unfavorable interactions between the large nega-
tive regions of the protein’s surface potential and the anionic
membrane. Despite an overall negative charge, BtPI-PLC
shows favorable electrostatic partitioning toward anionic
membranes. In this respect, BtPI-PLC is not unique, as other
negatively charged amphitropic proteins are known to parti-
tion to anionic membranes (15). By contrast, a striking char-
acteristic of BtPI-PLC is the small magnitude of the
electrostatic free energy DGel (~�0.25 kcal/mol; Fig. 7)
compared with what has been calculated for other peripheral
membrane proteins using the same method (15,16).
Although calculating DGel using continuum electrostatic
calculations has obvious limitations due to the simplicity
of the model, comparisons of the BtPI-PLC results with
those obtained using the same approach for other proteins
remain valid and informative. Furthermore, the affinity of
BtPI-PLC for neutral pure PC vesicles (Kd ¼ 0.026 mM)
is only ~4.1 times less favorable than that observed for
vesicles with 20% anionic lipids (Kd ¼ 0.0064 mM),
which is the PC/PG ratio that yields the tightest binding
(10). This corresponds to an electrostatic contribution
of <1 kcal/mol. This value, like the computational evalua-
tion, is significantly lower than reported experimental values
for amphitropic proteins (~2 kcal/mol) (2). A marginally
favorable DGel means that the magnitude of the Coulombic
contribution is only slightly higher than the magnitude of
the desolvation penalty for the polar and charged residues
(16). The low electrostatic interaction energy is explained
by the absence of a well-defined cluster of basic amino acids
at the BtPI-PLC IBS (46,51).

Interestingly, a number of other membrane-binding pep-
tides and proteins have been reported to have a low electro-
static partitioning. Amphipathic lipid-packing sensor motifs
are short helical peptides found in proteins that target curved
Biophysical Journal 110, 1367–1378, March 29, 2016 1375
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membranes. Unlike many amphipathic helices, amphipathic
lipid-packing sensor motifs have few basic amino acids and
are described as weak electrostatic interactors with bilayers
(52,53). It is thought that the lack of electrostatic interac-
tions helps these peptides recognize membrane curvature.
The human group X secreted phospholipase A2 has been
described as having an electrostatically neutral IBS. With
just a few basic amino acids at the IBS, the continuum elec-
trostatic calculations yield a slightly unfavorable DGel

(~0.30 kcal.mol�1) when the protein is positioned next to
the membrane. The same applies to the bee venom-secreted
phospholipase A2 (DGel¼ 0.15 kcal.mol�1), which has been
described as interfacially binding to membranes via a non-
electrostatic mechanism (54). The work presented here,
along with the studies mentioned above, expands the litera-
ture on peripheral membrane proteins by highlighting a pre-
viously neglected class of peripheral membrane proteins
that have weak electrostatic interactions with membranes.
Other peripheral membrane proteins display
comparable distributions of basic amino acids

A survey of the peripheral proteins present in the OPM data-
base allowed us to calculate and plot the net charges of
membrane-binding proteins (Fig. 10 A). The resulting distri-
bution of charges is comparable to what has been observed
for the entire proteome of Saccharomyces cerevisiae (55)
and indicates that peripheral membrane-binding proteins
do not display a distribution of net charges skewed toward
positive values. In fact, approximately one-third of the pro-
tein families classified as peripheral/monotopic in OPM
have on average three or fewer basic amino acids within
10 Å of the membrane surface in their predicted mem-
brane-bound state. It should be kept in mind that these
charge estimates are based on simply counting basic and
acidic residues, treating histidines as neutrally charged,
and considering a neutral pH. Nonetheless, although some
peripheral membrane proteins have strong electrostatic in-
teractions with membranes, the results obtained from
analyzing the OPM database suggest that weak nonspecific
electrostatic interactors are less unusual among membrane-
binding proteins than was previously thought.
CONCLUSIONS

Tyrosine-choline cation-p interactions are opportunistic and
occur as the result of the presence of PC lipids in the mem-
brane. We propose that they constitute a mechanism for the
recognition of PC-rich eukaryotic cell membranes. The
highest affinity of BtPI-PLC toward slightly anionic SUVs
is the result of weak electrostatic contributions from basic
residues, particularly from one key basic residue. Our inves-
tigations show that the energetic contributions of basic
amino acids to peripheral membrane binding are dependent
on their position with respect to the IBS and how deep they
1376 Biophysical Journal 110, 1367–1378, March 29, 2016
might anchor in the lipid bilayer. As a result, and given the
distribution of lysines and arginines in known amphitropic
proteins, we suggest that weak nonspecific electrostatics
might be more common than is generally thought and
should be considered as a means for proteins to respond
quickly to environmental changes.
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