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ABSTRACT The four-point-one ezrin-radixin-moesin homology (FERM) protein domain is a multifunctional protein-lipid
binding site, constituting an integral part of numerous membrane-associated proteins. Its interaction with the lipid
phosphatidylinositol-4,5-bisphosphate (PIP2), located at the inner leaflet of eukaryotic plasmamembranes, is important for local-
ization, anchorage, and activation of FERM-containing proteins. FERM-PIP2 complexes structurally determined so far exclu-
sively feature a 1:1 binding stoichiometry of protein and lipid, with a few basic FERM residues neutralizing the �4 charge of
the bound PIP2. Whether this picture from static crystal structures also applies to the dynamic interaction of FERM domains
on PIP2 membranes is unknown. We here quantified the stoichiometry of FERM-PIP2 binding in a lipid bilayer using atomistic
molecular dynamics simulations and experiments on solid supported membranes for the FERM domains of focal adhesion ki-
nase and ezrin. In contrast to the structural data, we findmuch higher average stoichiometries of FERM-PIP2 binding, amounting
to 1:3 or 1:4 ratios, respectively. In simulations, the full set of basic residues at the membrane interface, 7 and 15 residues for
focal adhesion kinase and ezrin, respectively, engages in PIP2 interactions. In addition, Na ions enter the FERM-membrane
binding interface, compensating negative PIP2 charges in case of high charge surpluses from bound PIP2. We propose themulti-
valent binding of FERM domains to PIP2 in lipid bilayers to significantly enhance the stability of FERM-membrane binding and to
render the FERM-membrane linkage highly adjustable.
SIGNIFICANCE Four-point-one ezrin-radixin-moesin homology (FERM) domains are widespread modules that localize
proteins to membranes by binding negatively charged phosphatidylinositol-4,5-bisphosphate (PIP2) lipids. All current
experimental PIP2-FERM structures show one PIP2 per FERM, but if this 1:1 stoichiometry holds at a dynamic FERM-
membrane interface is unknown. Our atomistic simulations and biophysical experiments of two different FERM domains,
those of focal adhesion kinase and ezrin, reveal that these FERM domains bind multiple PIP2 molecules in a highly
dynamic fashion. This highlights the importance of dynamic binding information in addition to static structures.
Furthermore, we show how one principle, namely accumulation of basic residues on the FERM domain surface to recruit
multiple PIP2 molecules, apparently evolved independently at two distinct sites in the two model proteins studied.
INTRODUCTION

Located at the N-terminus of numerous peripheral mem-
brane proteins, the band four-point-one ezrin-radixin-moe-
sin homology (FERM) domain mediates the interaction
with transmembrane proteins, signaling proteins, or lipids.
It is involved in important signaling tasks and linking of
the cortical actin cytoskeleton to the cytoplasmic leaflet of
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the plasma membrane (1). The FERM domain, as first
discovered in the eponymous proteins ezrin, radixin, and
moesin (ERM family), is composed of three subdomains
(lobes), F1–F3, that arrange in the characteristic clover-
leaf-shaped fold (Fig. 1).

A common feature shared by many FERM
domains is their high-affinity interaction with the lipid
phosphatidylinositol-4,5-bisphosphate (PIP2), which is often
necessary for successful targeting and anchorage of FERM-
containing proteins to the plasma membrane (4) and has
been shown to constitute an integral part of the activation
mechanism of several FERM-containing proteins (3,5).
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FIGURE 1 The FERM domains (gray) of different proteins interact with

PIP2 via different binding sites. (A) Radixin-FERM in complex with

inositol-(1,4,5)-triphosphate, (B) merlin-FERM-PIO complex (PIO ¼
PIP2diC8), (C) FAK-FERM domain, and (D) talin-FERM-PIO. The PDB

accession codes are PDB: 1GC6, 6CDS, 6CB0 (2), and 6MFS, respectively.

The PIP2 analogs are depicted in red. The location of the PIP2 molecule

bound to the FAK-FERM domain in (B) goes back to a model of focal adhe-

sion kinase used in a previous MD simulation study (3). To see this figure in

color, go online.
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Despite strong conservation of the FERM domain’s clo-
ver-leaf-shaped fold, past research has shown that different
members of the FERM superfamily interact with PIP2 via
distinct binding sites on the FERM domain, partly assuming
different binding poses with respect to the plasma mem-
brane. While most FERM-containing proteins, including
the ERM family members, orient the F1 and F3 lobes of
their FERM domains toward the plasma membrane, focal
adhesion kinase (FAK) presents the F2 lobe of its FERM
domain to the plasma membrane, i.e., assumes a reversed
binding pose (Fig. 1 C).

At the time of preparing this article, there are three FERM
domain crystal structures complexed with PIP2 analogs
deposited on in the PDB. These FERM domains stem
from the proteins radixin, merlin, and talin1. On the basis
of the radixin-FERM-PIP2 complex (PDB: 1GC6), radixin
was suggested to possess a PIP2-binding site in the basic
cleft between its F1 and F3 lobes (6) (Fig. 1 A), which, in
view of the high sequence identity of � 85% among ERM
family FERM domains (7) and mutagenesis studies (4), is
thought to be present in ezrin and moesin as well. Despite
the still high sequence identity of � 60% between the
FERM domains of merlin and radixin (8), the merlin-
FERM-PIP2 complex (PDB: 6CDS) is observed to have a
unique PIP2-binding site between the F1 and F3 lobes
1326 Biophysical Journal 122, 1325–1333, April 4, 2023
located approximately 17 Å away from radixin’s PIP2-bind-
ing site (Fig. 1 B) (9). The cytoskeletal protein talin1 is an
exceptional member of the FERM superfamily inasmuch
as its FERM domain features a linear, rather than clover-
leaf-shaped, arrangement, with an additional lobe F0 pre-
pending the F1–F3 lobes. The talin1-FERM-PIP2 complex
(PDB: 6MFS) indicates yet another PIP2-binding site
between the F2 and F3 lobes (10) (Fig. 1 D).

Notably, all three abovementioned FERM-PIP2 complexes
are bound by a single PIP2 analog at only one binding site,
suggesting a stoichiometry of FERM-PIP2 binding of 1:1.

Here, we performed molecular dynamics (MD) simula-
tions and protein-binding studies of the FAK and ezrin
FERM domains on phosphatidylcholine (POPC) lipid bila-
yers doped with PIP2 to question the 1:1 stoichiometry
observed in crystal structures. We chose these two FERM
domain basic clefts as they differ in their position on the
FERM domain as well as the local distribution of basic res-
idues at the cleft (compare Fig. 1, A and C). We consistently
identified higher numbers of PIP2 bound to the proteins than
the 1:1 ratio suggested by the crystal structures. We find the
interaction surface of protein basic residues with the PIP2
membrane to extend much beyond the known basic patch
previously identified by crystallography or mutagenesis,
thereby reaching out to rather �3–5 PIP2 molecules at a
time. Our joint experimental and simulation data reveal spe-
cific protein-PIP2 interactions to be strongly multivalent and
of surprisingly dynamic nature.
MATERIALS AND METHODS

Atomistic MD simulations

The starting structures for our MD simulations were modeled based on struc-

tures of the ezrin-FERM domain (PDB: 4RMA (11)) and the FAK-FERM

domain (PDB: 6CB0 (2)). A structural fit of the ezrin-FERM domain to the

sequentially and structurally very similar radixin-FERM domain of the

FERM-PIP2 complex in Fig. 1 A and repeated use of the functionalities pro-

vided by the CHARMM-GUIMembrane Builder (12,13) allowed us to obtain

an ezrin-FERM-PIP2 complex of reasonable orientation with respect to an

underlying 9:1� 9:1 nm lipid bilayer (details in supporting material). To

assemble the FAK-FERM-membrane starting structure, we used a

previouslymodeledFAK-dimer-PIP2 complex (3), basedon a cryoelectronmi-

croscopy structure of a FAK dimer that was subjected to a rigorous PIP2 dock-

ing procedure, as a template. Structurally fitting the FAK-FERM structure to

one of the two FAK-FERM domains contained in this template structure and

again making use of the CHARMM-GUI Membrane Builder, we assembled

a reasonablyorientedFAK-FERM-membrane starting structure (details in sup-

porting material). The underlying lipid bilayer had dimensions 9:5� 9:5 nm.

In both systems, the lipid bilayerwas composed of POPC lipidswith 10% PIP2
in the protein-proximal leaflet. All MD simulations were performed with

GROMACS (14) 2018.5 using the CHARMM36 (15) additive all-atom

force-field (v.March 2019). The assembled ezrin- and FAK-FERM-membrane

structures were placed in simulation boxes of sizes 9:2� 9:2� 15 nm and

9:75� 9:75� 18 nm, respectively, and solvated in TIP3Pwater (16). All sim-

ulationswere performed in the presence ofNaCl specifying a target concentra-

tion of 150 mM. In energy minimization, using steepest descent, the systems

were steered toward nearby local minima of the potential energy until the

maximal occurring force dropped below Ftol ¼ 1000 kJ
nm$mol. After initial
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temperature and pressure adjustment to T ¼ 303 K and p ¼ 1 bar according

to theCHARMMequilibration protocol (13), production runswere carried out

in theNPTensemble. To this end, temperature couplingwas switched fromve-

locity rescaling (17) to Nos�e-Hoover coupling (18,19) with a coupling time

constant of ttc ¼ 1 ps and semiisotropic pressure coupling switched fromBe-

rendsen (20) to Parrinello-Rahmann (21,22) coupling with a coupling time

constant of tpc ¼ 5 ps and isothermal compressibility kept at k ¼ 4:5�
10� 5 bar� 1. Constraining bonds involving hydrogen with the LINCS algo-

rithm (23), an integration time step ofDt ¼ 2 fs could be used. Van derWaals

forces were smoothly switched to zero between rsw ¼ 1:0 nm and rvdw ¼
1:2 nm, and for both the evaluation of vanderWaals interactions and the direct

part of the Ewald sum, Verlet neighbor lists were used, which were updated

everynlist R 20 integration steps.Evaluationof the reciprocalpart of theEwald

sumwas donewith the smooth particlemesh Ewald technique at a Fourier grid

spacing of 0:14 nm. For the ezrin- and FAK-FERMdomains, a total of 8:1 and

6:9 ms of equilibrium simulation data were collected in 10 independent repli-

cates, respectively. Additionally, for each FERM domain, six replicates were

continued for a further 100 ns with higher write-out frequency of ion coordi-

nates (details in supporting material).

Based on stabilization of FERM-PIP2 contact maps computed with

ConAn as an equilibration criterion, we discarded the first 600 ns of each

ezrin-FERM simulation and the first 450 ns of each FAK-FERM simulation

as equilibration time (details in supporting material).
Evaluation of FERM-PIP2 stoichiometry

The histograms of the stoichiometry of FERM-PIP2 binding (Fig. 2) were

obtained by counting for each simulation frame of the equilibrated portion

of the MD data the number of PIP2 molecules bound to the respective

FERM domain. A PIP2 molecule was considered to be bound to a FERM

domain if at least one of its phosphate groups got within 0:6 nm of the pro-

tonated end of a Lys or Arg residue (details in supporting material).
Contact analysis

To determine residue-wise FERM-PIP2 contacts (Fig. 4, E and F) and the

contributions of FERM-PIP2 contacts to the overall FERM-membrane con-
A B

FAK

Ezrin

FIGURE 2 The stoichiometry of FERM-PIP2 binding is larger than sug-

gested by FERM-PIP2 complexes deposited on the PDB. Normalized stoi-

chiometry histograms computed on the basis of MD simulation data are

shown for (A) the ezrin-FERM and (B) the FAK-FERM domain. The simu-

lation snapshots above the histograms show the FERM domains (blue) in

interaction with PIP2 molecules (red). The underlying membrane is colored

in light gray. To see this figure in color, go online.
tacts (Table 1), ConAn was deployed, turning residue-lipid interactions on

when interaction partners got within d% dinter ¼ 0:4 nm and off when they

got separated by d > dhigh ¼ 0:6 nm (details in supporting material).
Isolation of recombinant ezrin-FERM and FAK-
FERM

Proteins were recombinantly expressed in Escherichia coli as previously

described by Sch€afer et al. for ezrin-FERM and Ceccarelli et al. for

FAK-FERM (24,25). The protocol for ezrin-FERM purification was fol-

lowed strictly. The protocol for the FAK-FERM was adjusted starting

with the pET28a vector with the respective DNA sequence kindly provided

by Daniel Lietha (Margaritas Salas Center for Biological Research, Madrid,

Spain). After transformation of the vector in a BL21(De3)pLysS strain (No-

vagen, Madison, WI, USA), the cells were grown to an OD600 of 0.8, and

protein expression was induced by the addition of 0.2 mM IPTG and incu-

bated for 12–16 h at 18+C. The cells were pelleted and lysed in buffer A

(20 mM Tris [pH 8], 10 mM b-mercaptoethanol, and 5 mM imidazole)

with 200 mM NaCl and additionally containing an inhibitor cocktail tablet

(cOmplete; Roche Diagnostics, Basel, Switzerland). The cells were soni-

cated and centrifuged for 1 h at 100,000 � g. Afterward, the supernatant

was loaded on a Ni-NTA column and eluted with buffer A containing

200 mM NaCl and 195 mM imidazole additionally. The His tag of the pro-

tein was cleaved off from the pooled fractions by a TEV protease (Merck

KGaA, Darmstadt, Germany) using a ratio of 1:100 (w/w) at 4+C during

dialysis to buffer A with 50 mM NaCl. The protein was loaded on a

Mono Q 5/50 GL column (Merck KGaA, Darmstadt, Germany) and eluted

with a buffer A gradient from 50 mMNaCl to 1 M NaCl. The fractions con-

taining the FAKwere combined and loaded onto a HiLoad 16/600 Superdex

column (Merck KGaA, Darmstadt, Germany) equilibrated with buffer A

containing 150 mM NaCl. The eluted protein was concentrated and stored

at 4+C.
Reflectometric interference spectroscopy (RIfS)

RIfS experiments were performed using a custom-build instrument with a

Flame-S-UV-visible spectrometer (OceanOptics Germany GmbH, Ostfil-

dern, Germany). With the setup, the optical thickness of a thin layer on a

SiO2 wafer can be determined by the reflection of white light, which was

measured every 2 s (26). Si substrates with a 5 mm oxide layer were cleaned

with an H2O/NH3/H2O2 (5:1:1) solution at 70+C for 20 min. The cleaned

wafers were treated with an O2 plasma for 30 s and used directly afterward.

After obtaining a baseline with Na-citrate buffer (50 mMNaCl, 20 mM Na-

citrate, 0.1 mM EDTA, 0.1 mM NaN3 [pH 4.8]), small unilamellar vesicles

were added to form a supported lipid bilayer. Small unilamellar vesicles

were obtained by sonication of a lipid mixture of POPC and PIP2 (Avanti

Polar lipids, Alabaster, AL, USA) in Na-citrate buffer with different

POPC:PIP2 ratios (99:1–90:10). The quality of the supported lipid bilayers

was proven by the DOT values after spreading. After a buffer exchange to

buffer A with 150 mM NaCl for 10 min, a thoroughly mixed protein solu-

tion was added. FAK-FERM was added with a final concentration of 800

mM, whereas ezrin-FERM was added with a final concentration of 70

mM. The different concentrations take the different binding affinities into

account, ensuring that all available PIP2-binding sites are occupied. The
TABLE 1 Contribution of PIP2 to overall FERM-membrane

contacts

Ezrin-FERM FAK-FERM

FERM-membrane 6455 2052

FERM-PIP2 2353 9:451:3

Average and standard error of the mean of contacts between FERM domain

residues and all membrane lipids or only PIP2 lipids are shown.

Biophysical Journal 122, 1325–1333, April 4, 2023 1327



Ehret et al.
obtained data were evaluated using a self-written MATLAB script (The

MathWorks, Natick, MA, USA).
RESULTS

Stoichiometry of FERM-PIP2 binding is larger
than expected

Wedetermined the stoichiometries of FERM-PIP2 binding of
the ezrin- and FAK-FERMdomains throughMD simulations
and stoichiometry experiments on lipid bilayers composed of
POPC and PIP2. By counting the number of PIP2 molecules
bound to the FERM domains for each simulation frame of
the equilibrated portions of the MD trajectories, normalized
histograms of stoichiometry were computed (Fig. 2).

For both FERM domains, the probability of binding PIP2
increases up to an ideal range of bound PIP2 molecules,
above which probability drops markedly and decays to
zero. While the ezrin-FERM domain is most likely bound
by 6–8 PIP2 molecules with an average binding count of
NPIP2;ezrin ¼ 7:450:4 (standard error of the mean), the
FAK-FERM domain is most often bound by 5 PIP2 molecules
with an average binding count ofNPIP2;FAK ¼ 4:650:3 (stan-
dard error of the mean).

To investigate experimentally whether the hypothesis that
both FERM domains bind more than one PIP2 molecule as
derived from our MD simulations, we analyzed the binding
of FAK-FERM and ezrin-FERM to POPC lipid bilayers on
Si substrates doped with different PIP2 concentrations. By
means of RIfS, we determined the change in optical thick-
ness (DOT) upon protein binding to the supported lipid
bilayer dependent on the PIP2 concentration (Fig. 3, A and
B). DOT is a measure of the protein surface coverage.
High protein concentrations were chosen to assume that
all PIP2 molecules are occupied by protein. The Hill equa-
tion (Eq. 1) was fitted to the sigmoidal change of DOT as
a function of the total PIP2 surface concentration GPIP2;0:

DOT ¼ DOTmax

Gn
PIP2;0

KD þ Gn
PIP2;0

(Equation 1)

For the FAK-FERM, a DOTFAK� FERMðmaxÞ ¼ 4:5 nm
was determined with nFAK�FERM ¼ 3:6. For the ezrin-
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FERM, nezrin�FERM ¼ 5:5 and DOTezrin� FERMðmaxÞ ¼
3:6 nm were found. DOTFAK�FERMðmaxÞ is defined as
nprotein � dFAK�FERM, with nprotein ¼ 1:455 being the
refractive index of the protein layer (27). That
means that an average physical protein layer thickness of
dFAK� FERM ¼ 3 nm can be calculated for the FAK-
FERM, whereas for ezrin-FERM, dezrin� FERM would read
2:5 nm. Based on the DOTmax values, we defined the surface
coverage Qprotein ¼ DOT=DOTmax ¼ 1. The exponent n
in Eq. 1 refers to the cooperativity of binding and is often
interpreted as the number of bound ligands. However,
even though the Hill equation fits the data nicely, the
assumption of a cooperative binding of ligands to a protein
in three dimensions is not valid in a two-dimensional mem-
brane system. To arrive at an equation (Eq. 2) that takes into
account that only protein binding to the PIP2-doped mem-
brane surface can be measured by RIfS and where no direct
information about the number of PIP2 molecules per protein
can be obtained, we defined multiple binding reactions at
the membrane similar to the work of Mosior and co-workers
(supporting material) (28,29):

Qprotein ¼ ApNAðGPIP2;0 � GPIP2Þ
Pn

i ¼ 1ðKSGPIP2Þi� 1

Pn
i ¼ 1iðKSGPIP2Þi� 1

(Equation 2)

Ap is the footprint of the protein,NA theAvogadro constant,
GPIP2 the free PIP2 surface concentration, n the number of PIP2
molecules bound to the protein and KS the surface binding
constant. We have taken the molecular protein area and the
surface molecular coverage to calculate Ap ¼ Aone=a from
the MD simulations leading to Qprotein ¼ 1. KS was calcu-
lated from the Gibbs free energies of binding (MD simula-
tions; see supporting material) and the assumption that the
surface is treated as a region of finite thickness with
h ¼ 10 nm (28,29). The system is still underdetermined,
and the free PIP2 surface concentration cannot be determined
independently. Thus, we calculated GPIP2 (GPIP2;0) plots for
different n and found thatGPIP2 becomes negative if n exceeds
a certain value. We define this n as being the maximum PIP2
molecules bound to the protein (supporting material). Using
this approach, n< 3 was determined for the FAK-FERM,
FIGURE 3 Binding of FAK-FERM (A) and ezrin-

FERM(B) on PIP2-dopedmembranes. Change of the

optical thickness (DOT) upon binding of FAK-

FERM (800 mM) or ezrin-FERM (70 mM) on

POPC/PIP2 SLBs with varying PIP2 surface concen-

trations. Error bars indicate the standard error of

the mean (NR 4). Eq. 1 was fit to the data (dashed

lines), resulting in DOTFAK�FERMðmaxÞ ¼ 4:5 nm

with nFAK�FERM ¼ 3:6 and DOTezrin�FERMðmaxÞ
¼ 3:6 nm with nezrin�FERM ¼ 5:5. Qprotein ¼
DOT=DOTmax. To see this figure in color, go online.
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Lateral PIP2 distribution follows distribution of
positive residues on the FERM domain surface

With average binding stoichiometries of five or even seven
PIP2 molecules per FERM domain in the simulations, it is
not immediately clear where on the FERM domain surfaces
all of these PIP2 molecules could be accommodated. To get a
first overview of the sites of FERM-PIP2 interaction, we visu-
alized the interaction surfaces of the ezrin- and FAK-FERM
domains by plotting the lateral PIP2 distribution around the
two different FERM domains (Fig. 4, A and B).

For both FERM domains, lateral PIP2 distribution closely
follows the charge distribution generated by the Lys and Arg
residues on the FERM domain surfaces of ezrin and FAK.
The patch-like positively charged interaction surface
(Fig. 4 B) the FAK-FERM domain’s F2 lobe offers the
PIP2 molecules for interaction is in stark contrast to the
widespread charge distribution on the interaction surface
of the ezrin-FERM domain (Fig. 4 A).

To quantitatively pin down the main sites of FERM-PIP2
interaction, we computed the average total contacts formed
by individual protein residues with PIP2 molecules using the
contact analysis tool ConAn (30) (Fig. 4, E and F).

The residue-wise average total contacts first of all indi-
cate that it is indeed primarily Lys and Arg residues that
frequently interact with PIP2. As expected, the residues
comprising the crystallographic binding site in the basic
cleft between the F1 and F3 lobes of the ezrin-FERM
domain (K60, K63, K83, K278, and R279) and the basic
patch on the F2 lobe of the FAK-FERM domain (K216,
K218, R221, and K222) are in pronounced interaction
with PIP2 molecules. Interestingly, however, the residue-
wise contact analysis also reveals many other residues on
the FERM domain surfaces that interact with PIP2 at a com-
parable frequency. Whereas the ezrin-FERM residues K53
(F1 lobe) and R273 and R275 (F3 lobe) are found in close
proximity to the basic cleft and thus effectively extend it,
other strongly interacting residues like R246, K253, K254,
K258, K262, and K263 are spread over the outer loops of
the F3 lobe (Fig. 4 C). Noting also K3 and the less strongly
interacting residues K35, K40, and K72 on the F1 lobe, as
well as the residues R293 and K296 on the opposite side
of a long a-helix of the F3 lobe, one realizes that positive
residues are scattered all over the outer F1 and F3 lobes of
the ezrin-FERM domain, thus maximizing its interaction
surface. With R184, K190, and K191 on a neighboring
a-helix of the F2 lobe, the FAK-FERM domain has three
more strongly interacting protein residues beside the more
prominent basic patch residues (Fig. 4 D) (3,31).
FERM-PIP2 contacts contribute strongly to overall
FERM-membrane contacts

Finding a large number of positively charged FERM resi-
dues in pronounced interaction with PIP2, we became inter-
ested in the contribution of FERM-PIP2 interactions to
FERM-membrane binding strength. We therefore compared
the number of contacts of protein residues with all mem-
brane lipids and with only PIP2 lipids (Table 1).

Since the PIP2 content in the protein-proximal membrane
leaflet is 10%, we would expect that FERM-PIP2 contacts
account for 10% of the overall FERM-membrane contacts
Biophysical Journal 122, 1325–1333, April 4, 2023 1329
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assuming an even distribution of PIP2 lipids across the
membrane as initially constructed. However, FERM-PIP2
contacts contribute 36% and 47% of the overall ezrin-
FERM- and FAK-FERM-membrane contacts, respectively.
We conclude that PIP2 accumulates below the proteins,
while the unoccupied membrane regions consequentially
possess a lower PIP2 content.
DISCUSSION

Here, we probed the stoichiometry of FERM-PIP2 interac-
tion of the proteins ezrin and FAK in atomistic MD simula-
tions and in experiments on SLBs. Both simulations of
single FERM domains on a PIP2-containing lipid bilayer
and stoichiometry experiments involving layers of typically
oligomerized FERM domains suggest that the stoichiometry
of FERM-PIP2 binding is much larger than expected on the
basis of the three FERM-PIP2 complexes deposited on the
PDB (PDB: 1GC6, 6MFS, and 6CDS). Our experimental
data point at a stoichiometry of �3–4 PIP2 molecules per
FERM domain for FAK and ezrin, respectively.

To estimate the stoichiometry of FERM-PIP2 binding
experimentally, we analyzed the data first using a well-known
Hill equation.TheHill equationdescribes protein-ligandbind-
ing and allows accessing the degree of cooperativity of reac-
tions that occur in three dimensions, with the assumptions
that the n binding sites are independent and identical (28).
However, any reaction occurring at the membrane interface
is subdivided into a first reaction taking place from solution
but is then confined in the plane of the membrane, i.e., be-
comes two-dimensional. This reduction in dimensionality
overestimates the stoichiometry given by the Hill coefficient
n (28).

Thus, we applied a model following the assumption of
Mosior and McLaughlin (28,29). The three-dimensional re-
gion, where the protein first binds to a ligand in the mem-
brane is treated as a region of finite thickness of 10 nm.
As the protein-ligand interaction at the membrane interface
itself cannot be resolved by the measurement, the resulting
set of equations is underdetermined. To still obtain a lower
estimate of the number of ligands (PIP2 molecules) bound to
one protein, we defined the number of PIP2 molecules,
where GPIP2 ¼ 0 applies. If n is an integer, n is defined where
GPIP2 ¸ 0, defining the minimum number of bound PIP2 mol-
ecules per FERM domain. The obtained n values derived
from this model are for both proteins around one lower (n
< 3 for FAK-FERM and n < 4 for ezrin-FERM) than the
n values obtained from fitting the Hill equation to the data
(n ¼ 3.6 for FAK-FERM and n ¼ 5.5 for ezrin-FERM)
(Fig. 3, A and B). This is in agreement with our expectation
that the Hill equation overestimates the number of bound
ligands in a two-dimensional system.

In our simulations, we found even larger stoichiometries
of 5 and 6–8 PIP2 molecules per FERM domain for FAK and
ezrin, respectively. These values are consistent with previ-
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ous simulations. The ezrin-FERM domain’s stoichiometry
reported here falls within a similar range as the PIP2 binding
count of 650:3 previously observed in atomistic MD simu-
lations of the closely related protein moesin on a lipid
bilayer with the composition POPC:POPE:POPS:PIP2
50:20:20:10 (mol/mol) (32). We note that our chosen cutoff
for defining bound PIP2 molecules, albeit being based on the
Bjerrum length, is arbitrary. Additionally, the larger stoichi-
ometry in simulations compared with experimental data
could be explained by the finding that MD force-fields
commonly overstabilize salt bridges (33). A previous
attempt to avoid the overstabilization of salt bridges using
the Amber99SB* ILDN-DERK force-field, which applies
adjusted charges for Glu, Asp, Arg, and Lys residues, has
not improved this problem (34). Overall, both experiments
and simulations agree that the stoichiometries for both pro-
teins of binding PIP2 are much larger than one and suggest a
larger number of bound PIP2 molecules for ezrin’s FERM
domain with a larger, more diffuse basic interaction area
compared with FAK.

The large stoichiometry of FERM-PIP2 binding implies
that the positive charges of the basic residues at the mem-
brane surface are roughly compensated, if not overcompen-
sated, by negative charges of PIP2s. Experiments suggest�4
PIP2s or charge � � 16 e for 15 Lys/Arg of ezrin and �3
PIP2s or charge� � 12 e for 7 Lys/Arg of FAK, considering
the experimentally determined (35) PIP2 net charge at pH 7
of � � 4 e per molecule. PIP2 counts in our simulations
translate to a charge of � � 30 e and � � 18 e for ezrin
and FAK, respectively. At the same time, we observe a stan-
dard deviation of approximately �1 PIP2, or a charge of
� � 4 e, for the average number of bound PIP2s in our
MD simulations. As a consequence, negative charges
dynamically vary and can exceed the positive protein
charges at the interface. In such cases, our simulations pre-
dict that Na ions, being only partially displaced upon bind-
ing of PIP2 to the protein, enter the binding interface, where
they can neutralize a negative net charge of the protein-
membrane interface (Figures S4–S6). However, this raises
the question of why PIP2 prefers to interact with the protein
if Na ions could, in principle, compensate its charge. When
we compared the charges of free and bound PIP2 clusters,
we found that Na ions and PIP2 interact at a 3:1 ratio, leav-
ing an excess charge of � � 1 e for each PIP2 molecule per
cluster. This charge is neutralized by the positively charged
protein residues, electrostatically biasing PIP2 toward the
protein interface, which also explains the large contribution
of PIP2 lipids to the overall FERM-membrane contacts (Ta-
ble 1). We note that this simple consideration is based on
charge summation and neglects the spatial distribution of
charges or any less-simple contributions to the system’s
free energy, which can further modify the stoichiometries.
Also, our computational analysis is based on orientations
of the FERM domains, as suggested by cocrystals with
PIP2, while other orientations cannot be excluded and can
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only be partially covered by rocking motions within our sub-
microsecond simulations (Fig. S3).

Seeking to understand where on the ezrin- and FAK-
FERM domains more than one PIP2 molecule could be
accommodated, we mapped out the FERM’s main PIP2
interaction sites and visualized the interaction surfaces
(Fig. 4). As expected in view of PIP2’s substantial negative
net charge, it was primarily the positively charged Lys and
Arg that interacted frequently with PIP2. Moreover, we
observed lateral PIP2 distribution to closely follow the dis-
tribution of positive charge determined by the Lys and
Arg on the FERM domain surfaces. This type of visualiza-
tion underlined the rather small patch-like interaction
surface presented by the FAK-FERM domain to the
membrane and showed that almost the entire surface of
the ezrin-FERM domain is involved in the interaction.
Residue-wise contact analysis further revealed that PIP2
molecules interact frequently with many other Lys and
Arg besides the well-established residues comprising the
binding site in the basic cleft of the ezrin-FERM domain
or the basic patch of the FAK-FERM domain.

Also taking into account less frequently interacting resi-
dues on the F1 and F3 lobes, our results are in keeping
with the list of interacting residues reported in the above-
mentioned MD simulations of moesin (32). It is interesting
to note that despite the FERM domains’ conserved fold,
PIP2-binding sites have apparently evolved at different posi-
tions. Yet, stable FERM-membrane binding relies on the
same principle, namely a cluster of basic residues interact-
ing electrostatically with PIP2 lipids and, at least in simula-
tions, charge neutralization by Na ions. When comparing
the FERM domain with pleckstrin homology (PH) domains,
which are another family of lipid recognition domains, one
discovers that the FERM F3 lobe shares the same fold as PH
domains. PH domains also rely on electrostatic interactions
between positively charged residues and the phosphatidylin-
tositol phosphate PIP3. In contrast to FERM domains, a
conserved canonical PIP3-binding site could be defined for
PH domains (36). However, a noncanonical site and further
residues were also found to be important for thermodynam-
ically stable membrane interactions in coarse-grained MD
simulations of the GRP1 PH domain (37), which is in line
with our finding that residues additional to the well-charac-
terized FAK basic patch and ezrin basic cleft contribute to
FERM domain PIP2 binding.

From a biological perspective, the exhaustive use of the
ezrin-FERM surface for interaction with PIP2 conforms
well with ezrin’s task to establish a robust link between
the actin cortex and the plasma membrane. The usage of a
smaller number of positive residues being concentrated on
two neighboring a-helices on the F2 lobe might allow for
a stable enough, but still readily detachable, membrane
linkage, as required for a signaling enzyme like FAK. Mem-
brane binding is required for autoactivation (38) and has to
be strong enough to withstand the forces required for force
activation (39,40). On the other hand, FAK has to be
released from focal adhesions (FAs) for FA turnover. There-
fore, carefully balanced thermodynamic and mechanical
stability of membrane binding is crucial for normal cellular
function. Stoichiometries of FERM-PIP2 binding signifi-
cantly beyond 1:1 render the protein-membrane interaction
not only more stable but also adjustable. The PIP2 concen-
tration in the cytoplasmic leaflet of the plasma membrane
depends on the activity of several enzymes, including, for
example, the phosphatidylinositol phosphate kinase type
Ig, which synthesizes PIP2 in FAs (41). Furthermore, we
speculate that the ionic strength of the cytosol, importantly
also the concentration of divalent ions, can regulate the
strength of electrostatic FERM-PIP2 binding.

In conclusion, our study quantifies and rationalizes the
stoichiometry of the FERM-PIP2 interaction of ezrin and
FAK based on experiments and MD simulations performed
on PIP2-containing model membranes. The proposed rather
large stoichiometry of FERM-PIP2 binding ultimately
entails a large contribution of the FERM-PIP2 interaction
to the overall FERM-membrane binding stability, which in
turn results in a pronounced dependence of FERM-mem-
brane interaction on local PIP2 concentration. Our results
underline the role of the FERM-PIP2 interaction in control-
ling the activity of FERM-containing proteins. The mecha-
nistic principles underlying the FERM-PIP2 interaction
uncovered here aid our understanding of the regulatory
role of these proteins in cell adhesion, growth, and motility.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2023.02.027.
AUTHOR CONTRIBUTIONS

T.E., T.H., and S.d.B. designed and performed the research, analyzed the

data, and wrote the manuscript. C.A.-S. performed research and analyzed

data. F.G. and C.S. designed the research and wrote the manuscript.
ACKNOWLEDGMENTS

F.G. and S.d.B. acknowledge funding through the Deutsche Forschungsge-

meinschaft (DFG, German Research Foundation) under Germany’s Excel-

lence Strategy – 2082/1 – 390761711. T.H. and C.S. thank the Max Planck

School Matter to Life, and C.S. further acknowledges the DFG (STE 884/

17-1) for funding. Moreover, F.G., C.A.-S., T.E., and S.d.B. acknowledge

funding from the Klaus Tschira Foundation and the state of Baden-

W€urttemberg through bwHPC, as well as the DFG through grant INST

35/1134-1 FUGG. S.d.B. thanks the Carl Zeiss Foundation for financial

support. C.S. thanks A. Janshoff for fruitful discussions on the theoretical

treatment of multivalent protein binding.
DECLARATION OF INTERESTS

The authors declare no competing interests.
Biophysical Journal 122, 1325–1333, April 4, 2023 1331

https://doi.org/10.1016/j.bpj.2023.02.027
https://doi.org/10.1016/j.bpj.2023.02.027


Ehret et al.
SUPPORTING CITATIONS

References (2,3,6,11–13,30,35,42–49) appear in the supporting material.
REFERENCES

1. Bretscher, A., K. Edwards, and R. G. Fehon. 2002. ERM proteins and
merlin: integrators at the cell cortex. Nat. Rev. Mol. Cell Biol.
3:586–599.

2. Marlowe, T., A. Dementiev, ., W. Cance. 2019. High resolution crys-
tal structure of the FAK FERM domain reveals new insights on the
Druggability of tyrosine 397 and the Src SH3 binding site. BMC
Mol. Cell Biol. 20:10.
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SI Methods

Preparation of the ezrin-FERM-membrane starting complex.

To assemble the ezrin-FERM-membrane complex, serving as the starting point of all ezrin-

FERM simulations, we exploited the high sequential and structural similarity between the

ezrin-FERM structure (PDB accession code 4RMA;1 solved through x-ray diffraction at

a resolution of 1.7Å) and the radixin-FERM-inositol-(1,4,5)-triphosphate complex (PDB

accession code 1GC6;2 solved in x-ray diffraction at a resolution of 2.9Å ). The ezrin-

FERM-membrane starting structure was produced in the following way:
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1. A preliminary PIP2-containing ’helper membrane’ was generated using the web inter-

face of the CHARMM-GUI Membrane Builder.3,4 It solely served as a full-length PIP2

source and orientation reference.

2. Structural alignment of the radixin-FERM-inositol-(1,4,5)-triphosphate complex and

the helper membrane based on the coordinates of a PIP2 approximately located at the

center of the helper membrane and the coordinates of the inositol-(1,4,5)-triphosphate

molecule within the radixin-FERM-inositol-(1,4,5)-triphosphate complex. This was

accomplished using the alignment capabilities of UCSF Chimera.5

3. Removal of protein-membrane clashes introduced in step 2 by alternate application of

small-angle rotations and translations in z-direction (orthogonal to the membrane) to

the radixin-FERM-PIP2 complex (realized in VMD6).

4. Structural alignment of the ezrin-FERM domain with the radixin-FERM-PIP2 complex

(realized in VMD).

5. Clashfree generation of a new membrane around the PIP2-molecule that was docked

to the pre-oriented ezrin-FERM-PIP2 complex.

The sequence analysis tool EMBOSS-NEEDLE7 computes a sequence similarity of ∼ 96%

and sequence identity of ∼ 86% based on the amino acid sequences belonging to the selected

FERM domain structures of ezrin and radixin. The minimal RMSDs for the inositol-(1,4,5)-

triphosphate-PIP2 fit and the ezrin-radixin FERM fit were 1.35Å and 0.66Å, respectively.

After solvation and addition of sodium and chloride ions at the target concentration of

150 mM the ezrin-FERM simulation system comprised 127557 atoms.
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Preparation of the FAK-FERM-membrane starting complex.

The FAK-FERM-membrane complex was assembled in a similar way from the FAK-FERM

structure (PDB accession code 6CB0;8 solved through x-ray diffraction at a resolution of

1.97Å) and a previously modeled FAK-dimer-PIP2 complex based on a cryo-EM structure

of an FAK-dimer (resolution ∼ 6Å) that was subjected to a PIP2 docking procedure.9 The

FAK-FERM-membrane complex used for all FAK-FERM simulations was built in three steps:

1. Alignment of the FAK-FERM domain with the FERM domain of one of the FAK-

monomers comprising the above-mentioned FAK-dimer (realized in VMD).

2. Cutting out of the coordinates of the superimposed FAK-FERM domain (residues 31

to 375) plus the PIP2-molecule docked at this side of the FAK-dimer.

3. Assembly of the FAK-FERM-membrane complex by uploading the structure obtained

in step 2 to the CHARMM-GUI Membrane Builder (analogously to step 5 of the

complex assembly for ezrin).

After solvation and addition of sodium and chloride ions at the target concentration of

150 mM the FAK-FERM simulation system comprised 171301 atoms.

Production runs

The interaction of the ezrin- and FAK-FERM domains with the PIP2-containing lipid bilayers

was simulated for 8.1µs and 6.9µs in 10 independent replicates, respectively. The precise

duration of each replicate is provided in Table S1. During these production runs lipid and

protein coordinates were written every 40 ps. To save disk storage, the coordinates of ions

(and water), however, were written only once every 10 ns. While this amount of sampling was

sufficient for most of analysis performed in this study, it was not sufficient for an appropriate

sampling of differently sized PIP2-clusters required for the intended evaluation of cluster-
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wise charge (Figure 4C of main text). For this reason, 6 replicates per FERM domain were

continued for 100 ns writing lipid, protein and ion coordinates once every 10 ps.

Table S1: Simulation data overview. The durations of the individual replicates in ns are
compiled for both simulation systems. The first six replicates of simulation systems (marked
with a "*") were continued for further 100 ns, with more frequent coordinate write-out of
the lipid, protein and ion coordinates.

Replicate 1* 2* 3* 4* 5* 6* 7 8 9 10
Ezrin-FERM 900 800 800 800 800 800 800 800 800 800
FAK-FERM 756.12 649.56 791.68 695.52 697.68 686.6 687.44 643.2 648.44 646.6

Although the simulation systems were well adjusted to the target temperature T = 303 K

and pressure p = 1 bar upon completion of the 6-step CHARMM equilibration protocol

of ∼ 1.1 ns duration, the systems have not yet reached an equilibrium state in the sense

that quantities characterizing the FERM-PIP2 interaction have stabilized. Contact maps,

encoding the interaction between the FERM domains and PIP2-molecules in the simulation

systems, make for a reasonable measure to quantitatively assess equilibration on the basis

of stabilization of FERM-PIP2 contact formation. We therefore used the contact analysis

tool ConAn10 to determine the number of contacts for each residue-lipid pair. From these

contact maps, we computed the stoichiometry as well as the RMSD between the contact

map at time t and the initial contact map (t = 0),

RMSDcmap = ‖M(t)−M(t = 0)‖Frobenius , (1)

to compute the development of the contact map RMSD over time for each replicate (Fig-

ure S1).

Based on these contact map RMSD time series we decided to conservatively omit the

first 600 ns of the each ezrin-FERM replicate (Figure ??A) and the first 450 ns of each FAK-

FERM replicate (Figure ??B) from data analysis. The equilibrated portion of the simulation

data thus amounts to 2.1µs and 2.4µs for the ezrin- and FAK-FERM domains. To ensure

that the remaining simulation time for each replicate is sufficient we determined the residence
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A B

C D

Figure S1: Progression of contacts over time. The upper panel (A,B) shows how the number
of bound PIP2s increases initially. The lower panel (C,D) displays the contact map RMSD
with respect to the initial frame of each simulation. Left panels (A,C) represent data for the
ezrin-FERM, right panel (B, D) for the FAK-FERM domain. The thin lines represent time
series of the individual replicates. Thick lines mark average time series computed from 10
replicates per FERM domain. The time step of RMSD calculation is ∆t = 1 ns.
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times of each PIP2 lipid at the FERM domains (Fig. S2). We considered the time the lipids

were bound to at least one protein residue. Thus, we only capture unbinding events if a PIP2

molecule leaves the FERM-membrane interface entirely, but miss unbinding events in the

case that PIP2 immediately binds to another protein residue. The latter likely occurs at the

center of the interfaces due to the large amounts of basic residues located there (Fig. 4) and

likely amounts for the few observed long residence times spanning large parts of the over-

all simulation time. However, the vast majority of PIP2 moleculess stays bound to protein

residues for less than 100 ns. Therefore, we conclude that our simulations were conducted

for a long enough time despite the large portion discarded for equilibration purposes.

A B

Figure S2: Distribution of PIP2 residence times at (A) the ezrin-FERM and (B) the FAK-
FERM domain.

FERM Domain Positional Variations on the Membrane Surface

To evaluate whether the two FERM domains stayed in their upright position or whether

they used potential additional PIP2 binding sites, we analyzed the angle formed between

the protein and the membrane surface (Fig. S3). The angle time traces show fluctuations

around 90°, revealing that both FERM domains remain upright albeit with extensive rocking

6



motions.

A B

Figure S3: Angle between the membrane located in the xy-plane (black line) and the FERM
domain (grey). The top panel illustrates an exemplary simulation frame for each protein.
The residues used to define the protein positional vectors (dark pink line) are highlighted in
light pink. Black spheres depict the phosphate groups of PIP2’s inositol ring. Each colored
line in the bottom panel represents an individual simulation replicate. (A) For ezrin, the
vector describing the position of the FERM domain is defined by the basic cleft (COM of
residues 60, 63, 278 and 279) and a helix on top of the F2 lobe with respect to the membrane
(COM of residues 167-178). (B) The positional vector for FAK is given by the basic patch
helix (COM of residues 216-230) and the F3-lobe helix (COM of residues 334-352).

7



Evaluation of FERM-PIP2 stoichiometry

Taking into account that the negative charge on a PIP2 head group is carried by its 4’, 5’-

and 1’-phosphates (Figure S4), we took a "phosphate-centered" approach when counting the

number of PIP2-molecules bound to a FERM domain at a given time. That is, we considered

a PIP2-molecule to be bound to a FERM domain if the center of one of its phosphate groups,

described by the respective position of its P4, P5 or P phosphorus atom, got within 6Å

of the protonated end of a lysine or arginine residue on the FERM domain. Considering

the assignment of partial charges according to the CHARMM topology, we assumed the

protonated ends to approximately sit at the NZ nitrogen atom for lysines, and at the center

between the NH1 and NH2 nitrogen atoms of the guanidium group of arginines (Figure S4).

PIP2 LYS ARG

-0.9

-0.9

-0.9

-0.4

+1.1

+1.5

+0.34

-0.62
-0.82

-0.82

-0.82

-0.78

-0.78

-0.57

-0.57

+0.33

+0.46

-0.8

+1.59

+0.21
0.05

+0.05

-0.3

+0.33

+0.33 -0.8

+0.64

+0.46 +0.46

+0.46

NZ
NH1

NH2

Q4-phos ≈ -2e

Q1-phos ≈ -1e

Q5-phos ≈ -1e

Figure S4: Partial charge assignment. The atoms of a PIP2 head group, lysine and arginine
are labeled according to their partial charges in units of the elementary charge e as defined by
the CHARMM topology. Oxygen, phosphorus, carbon, hydrogen, and nitrogen are colored
in red, tan, light blue, white and dark blue, respectively. The phosphate groups of the PIP2-
molecule are indicated by blue circles. The partial charges of the labeled atoms at the ends
of the lysine and arginine roughly sum to +1e. Please note that the relative sizes of the
displayed molecules are not true to scale.

The above-mentioned distance cutoff of 6Å was inferred from the radial distribution

functions (RDFs) of the different PIP2-phosphates around the protonated ends of the lysine

and arginine residues (Figure S5C). It was chosen such that secondary peaks reflecting weaker
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interaction of 4’-phosphates with lysines/arginines would also be considered when counting

the number PIP2-molecules bound to the FERM domain.

The RDFs were calculated with the GROMACS function gmx rdf .11 Given a selection set
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Figure S5: Radial distribution functions of PIP2-phosphates around lysines and arginines.
From left to right the 1-, 4- and 5-phosphate distributions around the lysine NZ-atoms
(A), the arginine NH1-/NH2-atoms (B) and the whole set of NZ-/NH1-/NH2-atoms (C) are
plotted. The upper and lower panels distinguish between the ezrin and FAK binding poses.
The 4-phosphate, 5-phosphate and 1-phosphate RDFs are colored in blue, orange and green,
respectively. The RDF curves shown represent averages across the 10 replicates simulated in
NaCl per binding pose. For the RDF calculation a maximal sphere size of rmax = 1.5 nm and
shell thickness of ∆r = 0.002 nm were specified. The lysine and arginine residues included
into the RDF calculations were selected after a first rough analysis of contacts within the
rather large interaction cutoff of 0.9 nm. A particular lysine/arginine was included when it
was observed at least once within the required interaction range. The vertical black dashed
line indicates the distance cutoff below which a phosphate was considered to stably interact
with a protonated lysine/arginine end.

of atoms B and a reference set of atoms A, gmx rdf computes the RDFs of B-atoms around
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A-atoms according to

gAB(r) =
〈nB(r)〉
〈nB〉local

=
1

〈nB〉local

1

NA

NA∑
i∈A

NB∑
j∈B

δ (rij − r)
4πr2

, (2)

where 〈nB〉 denotes the average number density of B-atoms at distance r from A-atoms and

〈nB〉local represents the number density of B-atoms as averaged over all spheres of radius rmax

around the A-atoms. In reality, GROMACS calculates an RDF histogram by counting the

number of selection set atoms (B-atoms) found in spherical shells of default thickness ∆r =

0.002 nm around the reference set atoms (A-atoms) up to the above-mentioned maximal

distance, which is defined by the user. This count is then divided by the number of reference

atoms NA, the shell volume 4πr2∆r and the average particle density of the selection atoms

〈nB〉local, rendering gAB(r) a dimensionless function. When given an entire trajectory gmx

rdf will also average across the frames comprising the trajectory.

For the computation of the RDFs of the PIP2-phosphate groups around the lysine and

arginine residues of the FERM domain, we chose as representative selection sets

B ∈


{
P (1), . . . , P (NPIP2)

}︸ ︷︷ ︸
1-phosphate

,
{
P

(1)
4 , . . . , P

(NPIP2)
4

}
︸ ︷︷ ︸

4-phosphate

,
{
P

(1)
5 , . . . , P

(NPIP2)
5

}
︸ ︷︷ ︸

5-phosphate

 , (3)

marking the centers of the 1-, 4- or 5-phosphate groups of all NPIP2 = 13 PIP2-molecules in

the system. To represent the lysine and arginine residues that served as the references for

the RDF calculation, we used the atom reference sets

A ∈

{NZ(1), . . . , NZ(NLYS)
}︸ ︷︷ ︸

LYS

,
{
NH1(1), NH2(1), . . . , NH1(NARG), NH2(NARG)

}︸ ︷︷ ︸
ARG

,

{
NZ(1), . . . , NZ(NLYS), NH1(1), NH2(1), . . . , NH1(NARG), NH2(NARG)

}︸ ︷︷ ︸
LYS + ARG

 , (4)
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where the atoms NZ, NH1 and NH2 as shown in Figure S4, mark the approximate locations

of the positive charges carried by the lysine and arginine residues. Note that by specify-

ing the two nitrogen atoms NH1 and NH2 in the reference atom sets for arginine, we do

not double the RDF-counts for arginines as compared to the RDF counts for lysine because

the RDF as defined in equation (2) is normalized by the number of atoms in the reference set.

Counting in this way the number of PIP2-molecules bound to the FERM domains for each

frame of the equilibrated portion of the simulated trajectories allowed to compute normal-

ized histograms of stoichiometry for both FERM domains (Figure 2A/B of the main text).

Based on these discrete probability distributions, mean and standard deviation (STD) were

calculated according to

N̄ =
nmax∑

n=nmin

pnn (5)

σN̄ =

(
nmax∑

n=nmin

pn(n− N̄)2

)1/2

, (6)

leading to the values

N̄pip2 =


7.4± 1.3 for the ezrin-FERM binding pose

4.6± 0.8 for the FAK-FERM binding pose
.

reported in the main text.

Contact Analysis

Analysis of residue-wise FERM-PIP2 contacts and the contributions of FERM-PIP2 contacts

to the overall FERM-membrane contacts was performed with ConAn. Precisely, in what is

called the "asymmetric mode", designed for the analysis of inter-molecular interactions, we
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ran ConAn on the concatenation of the equilibrated portions of the MD trajectories.

For determination of residue-wise FERM-PIP2 contacts we peformed three such runs, spec-

ifying as the two molecule groups the residue ID range capturing the 13 PIP2-molecules in

the system and

1. . . . residues 2 - 86 corresponding to the F1-lobe of the ezrin-FERM domain

2. . . . residues 204 - 297 corresponding to the F3-lobe of the ezrin-FERM domain

3. . . . residues 180 - 227 corresponding to the F2-lobe of the FAK-FERM domain.

The parameters dinter = 0.4 nm and dhigh = 0.6 nm introduced in the methods section of the

main text correspond to the ConAn input parameters "TRUNC_INTER" and "TRUNC_INTER_HIGH".

To estimate the contribution of FERM-PIP2 contacts to the overall number of contacts

formed between the FERM domains and the membrane, the above asymmetric runs were

repeated, this time including also the POPC-molecules of the protein-proximal membrane

leaflet into the contact analysis.

Charge compensation analysis

Our analysis of charge compensation in the FERM-membrane interaction interface and on

the level of PIP2-clusters includes charges contributed by lysine and arginine residues, sodium

and chloride ions and PIP2-molecules considered to be in interaction based on distance cri-

teria as explained below. Taking into account the five theoretically possible types of inter-

molecular hydrogen bond formation between adjacent PIP2-molecules, 4/5-phosphate-4/5-

phosphate, 4/5-phosphate-hydroxyl, hydroxyl-hydroxyl, 4/5-phosphate-1-phosphate, and hydroxyl-

1-phosphate,12 our criterion for clustering PIP2-molecules together was to require at least one

oxygen-oxygen encounter of adjacent PIP2-molecules within rO−O ≤ 0.33 nm, which proved

to capture hydrogen bonding well in previous MD study on PIP2-clustering.13

(i) Computation of ion concentration profiles
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To compute concentration profiles for the sodium and chloride ions, the simulation system

was cut into n slices of thickness ∆z = 0.25 nm along the z-direction, i.e. orthogonal to

membrane plane. The ion concentration profiles cNa+(z) and cCl−(z) were then computed

from the trajectory counts N
(i)
ion(z), i = 1, . . . , n of both ion species in the different slices via

cion(z) =
1

n

n∑
i=1

N
(i)
ion(z)

NAA∆z
, (7)

where NA and A denote Avogadros’s number and the slice area respectively (Figure S6).

The concentration profiles represent averages across the above-mentioned 6 x 100 ns simu-

lation bits with higher coordinate write-out frequency appended to the first six replicates for

each binding pose. For reference, also the mass densities of both FERM domains reflecting

the characteristic orientations of the two FERM-domains with respect to the plasma mem-

brane are plotted. In both simulation systems the ion concentration far from the membrane

settled at c0 = 200 mM and also the peak sodium concentrations, reached at the approximate

average z-coordinate of the PIP2 head groups, was similar.

(ii) Charge compensation in the FERM-membrane interaction interface

The minutiae of the analysis of the total charge in the FERM-PIP2 interaction interface

are described next. Since the system was prepared to be overall charge-neutral, enlarging

a search volume around the PIP2-molecules checked for charge neutralization must at some

point yield a neutral net charge. We thus had to make a choice for the size of the search

volume that adequately reflects the zone of FERM-PIP2 interaction. We defined the search

volume as follows:

1. Identify all positively charged protein residues and PIP2-molecules that form phosphate-

lysine/arginine contacts in the above sense.

2. Enlarge search spheres of radius rsph around the protonated ends of the lysines/arginines

13
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Figure S6: Ion concentration profiles of sodium and chloride along the z-direction computed
from (A) the FAK-FERM simulations, and (B) the ezrin-FERM simulations. The profiles for
sodium (red) and chloride (blue) represent averages across the above-mentioned 6 x 100 ns
simulation bits with higher coordinate write-out frequency appended to the first six replicates
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the mass density profiles of both proteins are plotted in orange.
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and search for chloride ions.

3. Enlarge search spheres of radius rsph around the P-, P4- and P5-atoms at the centers

of the PIP2-phosphates and search for sodium ions.

4. Add the charges of protein residues and PIP2-molecules in contact, the charges of

chloride ions from 2. and the charges of the sodium ions from 3. to obtain Qtot.

Evaluating time-averages of the total charge found according to the above procedure for the

10 repeat simulations available per binding pose, one obtains 10 independent Qtot-values per

binding pose, from which we calculated a global mean and standard deviation of the mean.

This calculation was repeated for different search sphere radii between 0.5 nm and 1.0 nm

(Figure S7).
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Figure S7: Total interface charge as a function of the search sphere radius.

EvaluatingQtot(rsph) at our previously defined cutoff rcut = 0.6 nm for phosphate-lysine/arginine

interaction, with the idea to include only stably interacting charges into the total charge

calculation, yields total interface charges of Qezr
tot(rcut) ≈ −5e and QFAK

tot (rcut) ≈ −3e for

the ezrin- and FAK-FERM domains as reported in the main text of the paper. As ex-
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pected, Qtot(rsph) approaches zero as rsph is increased. The observation of a slightly negative

charge excess in the binding interface zone persists, however, in the intermediate range

rsph ∈ {0.6, 0.7, 0.8, 0.9} nm.

(iii) Charge compensation of PIP2-molecules and clusters

To analyze charge compensation more locally on the level of individual PIP2-molecules or

clusters, we divided the 13 PIP2-molecules present in both systems at each frame of the 6

x 100 ns simulation bits per binding pose with higher coordinate write-out frequency into

clusters. To this end we deployed the hierarchical single-linkage clustering algorithm, using

as a linking criterion an oxygen-oxygen encounter within a distance of rO−O ≤ 0.33 nm,

representing inter-molecular hydrogen bonding. To evaluate the total charge of a PIP2-

cluster we proceeded similarly to the protocol for evaluating charge compensation in the

FERM-membrane interface. Precisely, total charge on the cluster level was computed by:

1. identifying the cluster size,

2. counting the number of sodium ions, chloride ions, or protonated ends of lysines/arginines

within a distance of rsph of the phosphate groups of the PIP2-molecules constituting

the cluster, and

3. adding the thus collected charges to the charge Qclust = Npip2 ∗ (−4e) carried by the

Npip2 PIP2-molecules in the respective cluster.

As for the analysis of the total interface charge in the previous paragraph, we set rsph =

0.6 nm.

(iv) Sodium ions substantially aid compensation of PIP2 charge.

As PIP2-molecules were simulated with a net charge of −4 e per molecule, reflecting the

16



experimentally determined12 PIP2 net charge at pH 7.0, the rather high average binding

counts we observed for the ezrin- and FAK-FERM domains correspond to a negative charge

of ∼ −30 e for the ezrin-FERM domain and ∼ −18 e for the FAK-FERM domain. By

contrast, the number of positively charged FERM residues in pronounced interaction (n̄res ≥

0.5 avg. contacts/frame) with PIP2 amounts to only 15 for the ezrin-FERM domain and 7

for the FAK-FERM domain (Figure 4E/F). Consequently, the bound PIP2-molecules clearly

overcompensate the protein surface charges by approximately −10 e to −15 e. Given this

considerable excess of negative charge, the question arises if and how it is compensated

to avoid a potential destabilization of FERM-membrane binding. Sodium concentration is

maximal at the mean height of the PIP2-headgroups (Figure S6), suggesting that sodium ions

might enter the FERM-membrane binding interface. Chloride concentration, on the other

hand, quickly decays toward the lipid bilayer and due to the comparatively large size of the

chloride ions is strongly suppressed in the binding interface. To quantify the contribution

of sodium ions in the compensation of PIP2 charge, we decomposed the total charge in the

binding interface into its different contributions (Figure S8B). The total interface charge was

computed as the sum of protein, PIP2, sodium and chloride charges.
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Figure S8: Sodium aids the compensation of PIP2 charge in the binding interface and on the
level of individual PIP2-clusters. (A) Decomposition of total interface charge. Error bars
denote standard errors of the mean computed from n = 10 replicates per FERM-domain.
(B)Total charge of PIP2-clusters as a function of cluster size. Error bars denote standard
errors of the mean obtained in block averaging. (C) Radial distribution of sodium around
phosphorus atoms at the center of the 1’-, 4’- and 5’-phosphate groups of PIP2.

Scrutinizing the total interface charge in this manner, we find the large amount of neg-

ative charge carried by the PIP2-molecules reduced to −5 e and −2 e in the ezrin-FERM
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and FAK-FERM simulations due to positive FERM residues and sodium ions contributing

positive charge to the interface in roughly equal parts. We hence conclude that sodium ions

enter the FERM-membrane binding interface, where they almost completely compensate the

excess of negative charge caused by the large stoichiometry of FERM-PIP2 binding and thus

avoid potential destabilization of FERM-membrane binding due to electrostatic repulsion

between PIP2-molecules.

(v) PIP2 diffusion is electrostatically biased toward positive FERM domain surface.

Having found sodium ions to considerably contribute to charge neutralization of the FERM-

membrane binding interface and with in principle enough sodium ions in the system to

compensate the negative charge of the laterally diffusing PIP2-molecules, we wondered what

drives PIP2-molecules in such high numbers to the FERM domain surface in the first place.

To answer this question we investigated charge compensation of PIP2-molecules on a more

local scale. Taking into account the formation of PIP2-clusters due to inter-molecular hy-

drogen bonding,13 we analyzed the total charge of PIP2-clusters as a function of cluster size,

distinguishing between protein-bound and freely diffusing PIP2-clusters (Figure S8C). To

start with, we note that the average total charge of freely diffusing PIP2-clusters decreases

linearly at a rate of roughly −1 e per PIP2-molecule in a cluster. Recalling the net negative

charge of PIP2 to be −4 e, this is only possible when sodium ions and PIP2-molecules on

average associate at a ratio of ∼ 3:1. The radial distribution functions (RDFs) of sodium

around the 4’-, 5’- and 1’-phosphate groups of the PIP2-molecules in the system (Figure S8D)

corroborate this reasoning with a double peak in the sodium RDF around the 4’-phosphate

and a single peak in the sodium RDF around the 5’-phosphate of PIP2. Consequently, freely

diffusing PIP2-molecules and clusters, despite their partial neutralization by sodium ions,

retain a negative net charge that increases linearly with growing cluster size. This biases

lateral diffusion of PIP2-molecules and clusters toward regions on the FERM domain sur-
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face that still excess positive charge in the form of lysine and arginine residues. Calculating

the difference between the total charges of protein-bound and freely diffusing PIP2-clusters

(Figure S8C), one finds that upon binding the ezrin- or FAK-FERM domains PIP2-clusters

gain on average +1 e to +2 e of charge, which in view of their previous excess of negative

charge should be energetically favorable.

Calculation of FERM-Membrane Binding Free Energy

The Gibbs free energy of binding ∆G was calculated using Umbrella Sampling as described

previously14 (Fig. S9). We randomly selected three starting frames for each protein from

the equilibrium MD simulations, in which the FERM domains where bound by the average

number of PIP2s. We pulled on the protein backbone and lower leaflet of the membrane

in opposite directions with a constant velocity of 0.05 m/s and a spring constant of 500

kJ/mol/nm2. To avoid shearing of the FERM-domain lobes and removal of individual lipids

from the membrane we additionally restrained the distance of the four closest heavy atom

pairs between the F1 und F3 lobes with a force constant of 50 kJ/mol/nm2 and the position

of the PIP2 head groups to the height of the membrane plane with a force constant of 1000

kJ/mol/nm2. Umbrella sampling windows were extracted from the pulling trajectories with

a spacing of 0.1 nm during the first 1 nm distance increase between the center of mass of the

protein and lower membrane leaflet and 0.2 nm afterwards to cover a distance of at least 4

nm. We simulated each window for 50 ns and discarded the first 10 ns prior to analysis with

the weighted histogram analysis method.15

Calculation of protein area coverage and packing parameter

To calculate the area Aone covered by each FERM domain, we determined the density of

the domains using the Gromaps package16 and projected these densities onto the membrane
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Figure S9: PMF-trace and histograms of Umbrella Sampling calculations. (A) PMF-traces
determined by the weighted histogram analysis method. ∆G is calculated as the difference
between the lower and upper plateau of the curves. Panels (B) and (C) show the correspond-
ing histograms for ezrin and FAK, respectively.

20



plane. For estimation of the packing parameter α, we subjected an array of 64 domains to

lateral pressure.

α =
64Aone

AArray

(8)

with AArray being the total area of the protein array.

Model for binding of proteins to multiple surface-bound

ligands

The protein has n binding sites and a footprint of AP. The ligand has a footprint of

AL < AP. The area covered by of one FAK-FERM was Aone = 18.6 ± 0.9 nm2 and for

ezrin-FERM Aone = 15.1 ± 1.0 nm2 which was divided by the maximal surface coverage

(αFAK−FERM = 0.73 ± 0.04 and αezrin−FERM = 0.50 ± 0.02) to get the respective AP. The

values for the area covered by one FERM-domain and the maximal surface coverage are

derived from the MD simulations.

Protein coverage

Figure S10: Adsorption of proteins P onto specific sites (ligands L).

Here, we sum only the occupied binding sites. The protein may cover 1, 2 or more ligands.

21



ΓP =
NP

A
= ΓPL1 + ΓPL2 + ...+ ΓPLn (9)

where NP is the number (moles) of protein on the surface of area A. Γ denotes the respective

surface concentration.

Conservation of ligands

The number of ligands is constant. Initially, i.e., prior to binding the number was NL0:

NL0 = NPL1 + 2NPL2 + 3NPL3 + ...+ nNPLn +NL (10)

NL is the number of non-bound ligands on the surface. Written in surface concentrations we

obtain:

ΓL0 = ΓPL + 2ΓPL2 + 3ΓPL3 + ...+ nΓPLn + ΓL (11)

Multiple binding reactions

PL + L 
 PL2,PL2 + L 
 PL3,PLn-1 + L 
 PLn (12)

The first mass of action reaction with the surface binding constant KS[m2/mol] reads:

KS =
ΓPL2

ΓPLΓL

(13)

The second reaction reads:
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KS =
ΓPL3

ΓPL2ΓL

(14)

and consequently we find for the last reaction after plugging in all the previous reactions

ΓPL(n−1):

ΓPLn = (KSΓL)n−1ΓPL1 (15)

Note that the association constant KA[m3/mol] reads:

KA =
ΓPL

cPΓL

(16)

It is possible to transform between two and three dimensions a protein encounters through

the simple expression K(2D) = K(3D)/h, where h is the confinement length. The basic

idea is that if two interacting species are confined to a region of length h ≈ 1− 10 nm along

an axis perpendicular to the plane of a membrane, then they are effectively confinded to a

volume V = Ah, where A is the area per molecule. This simple procedure turns a 2D system

into a ’quasi-3D system’ because there is now a volume associated with each molecule even

when it is constrained to a planar membrane. The result is not influenced by the height

between 1− 10 nm. The protein concentration in solution can then be written as:

cP =
NP

Ah
=

ΓP

h
(17)

inserting in equation (16) gives:
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KA =
ΓPLh

ΓPΓL

= hKS (18)

That means if a protein binds to the first ligand it moves into the surface slab, where the

second site encounters a higher apparent concentration of ligands. Mathematically this is

equivalent to the binding of the first ligand increasing the association constant for the second

site.

KA was calculated with the equation ∆G = −RT ln(KA) where we inserted the Gibbs free

energy change from the MD simulations at 21 ◦C (∆GFAK−FERM = −12.4 ± 2.2 kcal/mol,

∆Gezrin−FERM = −30.5± 4.4 kcal/mol).

Protein concentration on the surface

Plugging equation (15) into the conservation equation (11) we arrive at:

ΓL0 = ΓPL +
n∑

i=2

i(KSΓL)i−1ΓPL + ΓL (19)

or

ΓPL =
ΓL0 − ΓL∑n

i=1 i(KSΓL)i−1
(20)

and eventually by summing up the expression for ΓPL2 ,ΓPL3 ...ΓPLn plugged into equation (9):

ΓP =
(ΓL0 − ΓL)(1 +KSΓL + ...+ (KSΓL)n−1)∑n

i=1 i(KSΓL)i−1
(21)

or
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ΓP =
(ΓL0 − ΓL)

∑n
i=1(KSΓL)i−1∑n

i=1 i(KSΓL)i−1
(22)

Translating into bound fractions ΘP = ΓP/Γ
max
P = ΓP(NAAP) since Γmax

P = 1/(NAAP):

ΘP = APNA(ΓL0 − ΓL)

∑n
i=1(KSΓL)i−1∑n
i=1 i(KSΓL)i−1

(23)

Figure S11 shows the input data of the procedure for the FAK-FERM derived from experi-

mental data from which the free PIP2 concentration (ligand) was calculated with an assumed

stoichiometry of n = 2 and n = 3. If n = 2 is increased to n = 3, the free PIP2 concentration

reaches values below zero indicating that all protein bindings sites are occupied.

A B C

Figure S11: Simulation of free PIP2 concentration. (A) Input data - FAK-FERM coverage
as a function of surface concentration of PIP2. (B) Free ligand concentration as a function
of PIP2 content with an assumed stoichiometry of n = 2. (C) Free ligand concentration as
a function of PIP2 content with an assumed stoichiometry of n = 3.
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