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Abstract

The function of a protein is determined by its intrinsic activity in the context of its subcellular 
distribution. Membranes localize proteins within cellular compartments and govern their specific 
activities. Discovering such membrane-protein interactions is important for understanding 
biological mechanisms, and could uncover novel sites for therapeutic intervention. Here we 
present a method for detecting membrane interactive proteins and their exposed residues that 
insert into lipid bilayers. Although the development process involved analysis of how C1b, C2, 
ENTH, FYVE, Gla, pleckstrin homology (PH) and PX domains bind membranes, the resulting 
Membrane Optimal Docking Area (MODA) method yields predictions for a given protein of 
known three dimensional structures without referring to canonical membrane-targeting modules. 
This approach was tested on the Arf1 GTPase, ATF2 acetyltransferase, von Willebrand factor A3 
domain and Neisseria gonorrhoeae MsrB protein, and further refined with membrane interactive 
and non-interactive FAPP1 and PKD1 pleckstrin homology domains, respectively. Furthermore 
we demonstrate how this tool can be used to discover unprecedented membrane binding functions 
as illustrated by the Bro1 domain of Alix, which was revealed to recognize lysobisphosphatidic 
acid (LBPA). Validation of novel membrane-protein interactions relies on other techniques such 
as nuclear magnetic resonance spectroscopy (NMR) which was used here to map the sites of 
micelle interaction. Together this indicates that genome-wide identification of known and novel 
membrane interactive proteins and sites is now feasible, and provides a new tool for functional 
annotation of the proteome.
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Introduction

Recruitment of soluble proteins to membranes constitutes a critical element in a variety of 
cellular processes including signal transduction, protein sorting, trafficking and cytoskeletal 
rearrangement. Recruitment to a membrane concentrates proteins at their sites of action, and 
can activate and position their binding sites to orchestrate complex events. Hence the 
underlying principles are of prime importance for understanding biological mechanisms.

Proteins are targeted to membranes by a variety of forces, including covalent attachment of a 
lipid anchor and binding to transmembrane proteins. However, many proteins mediate direct 
and reversible interaction with membrane surfaces, allowing them to circulate between the 
bilayer and aqueous environments depending on whether their lipid and protein ligands are 
exposed. The paradigms of such peripheral membrane proteins include FYVE, PH and PX 
domains, with many other peripheral membrane proteins being investigated and also 
remaining to be discovered.

The information about whether and how a protein interacts with a membrane is embedded in 
its sequence and structure, but robust tools to detect this at an accurate predictive level have 
not been available. The lack of such information inevitably increases the time and effort 
required to show whether and how a protein binds membranes. This prevents genome wide 
analysis of the repertoire of membrane interactions, and hinders the investigation and 
exploitation of many biologically relevant protein mechanisms. Clearly, convenient and 
accurate prediction of membrane binding propensity is increasingly necessary and important 
for bringing structural, molecular and cellular biology together in order to reduce the costs 
and experimental time required for finding membrane interaction sites.

Predicting membrane binding propensity is confounded by several factors. Although several 
structural motifs that bind membranes have been identified, their functions are often poorly 
conserved. For example only about 10% of PH domains have been estimated to bind 
membranes, with many others binding instead to proteins (Lemmon 2007). Moreover, even 
those families whose abilities to bind membranes are well-conserved, like PX domains, 
exhibit diverse lipid specificities and membrane affinities (Lemmon 2003). Third, some 
proteins employ surfaces of large domains such as enzymes rather than small lipid binding 
domains to target membranes. Thus a robust computational solution should: 1) identify 
residues that mediate both weak and strong membrane interactions, 2) detect membrane 
insertion elements irrespective of lipid specificity, 3) not be unduly biased towards known 
membrane-interacting domains but also identify novel peripheral membrane proteins. While 
this may challenge the long standing dogma that peripheral membrane interactions are 
largely electrostatic (Murray et al. 2001), we argue that while electrostatics may guide initial 
docking, stable and specific membrane interaction necessarily requires hydrophobic 
insertion into the bilayer.

Direct interaction with the bilayer may involve several modes, including (i) non-specific 
superficial electrostatic interaction, (ii) insertion of hydrophobic groups into the bilayer, (iii) 
specific binding to a particular species of lipid and (iv) recognition and induction of 
membrane curvature and (dis)order. Several structural modules that target membranes by 
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specifically binding to selected membrane lipids have been described (Cho and Stahelin 
2005). These include the so-called C1 domains whose targeting to the membrane is 
governed by diacylglycerol (DAG) binding; C2 domains which bind phosphatidylserine 
(PS), phosphatidylcholine (PC), or various phosphoinositide (PI) types; PX domains which 
bind a spectrum of PI ligands; FYVE domains, most of which specifically interact with 
PI3P; and PH, ENTH/ANTH, BAR, FERM, and Tubby domains which are recruited to 
membranes through reversible bilayer binding.

While anionic lipid binders form the largest and the best-studied class of peripheral 
membrane proteins, they do not cover all possible mechanisms of membrane targeting. Less 
studied mechanisms include non-specific lipid interactions or specific binding to other types 
of lipids, that maybe neutral, positively charged, or zwitterionic: phosphatidylcholine (PC) 
or phosphatidyletanolamine (PE), sphingolipids/glycosphingolipids, steroids, etc., which 
may be distinctive of protein localization to a particular kind of cellular membrane. Such 
structural and compositional diversity of lipid binding sites on the surface of the peripheral 
proteins complicates their identification.

Electrostatics, the only long-range interatomic interaction, is widely recognized as an 
important contributor to protein-membrane binding. Intracellular membranes contain a 
varying degree of anionic lipids, and many peripheral proteins contain cationic patches, 
facilitating their membrane translocation by means of electrostatic attraction. However, it is 
also known that electrostatic interactions are not sufficient to anchor peripheral proteins at 
membrane surfaces (Murray et al. 2001). The variations in lipid composition and net charge 
of different membranes suggest that electrostatics-based membrane recruitment is only 
important for a particular subset of peripheral proteins, and that other forces might be crucial 
for other classes. Indeed, the role of electrostatics was shown to be a minor contributor to 
membrane targeting of bee venom phospholipase A2 (Bollinger et al. 2004; Ghomashchi et 
al. 1998; Lin et al. 1998). This and other secreted enzymes function on the exoplasmic side 
of the cellular membrane where positively charged lipids, like phosphatidylcholine and 
sphingomyelin, are abundant. In other words, a cationic patch alone cannot provide a 
reliable discrimination of peripheral proteins.

Peripheral membrane proteins can be categorized by the reach of their membrane insertion 
motifs (Cho and Stahelin 2005). While so “H-” and “I-types” possess hydrophobic motifs 
that can interact the hydrocarbons of membranes bilayers, “S-type” proteins display 
predominantly superficial interactions. There are few S-type proteins including some PH, 
FERM, and C2 domain where electrostatics and polar lipid headgroup binding are the major 
determinants for membrane association.

In other words, none of the modes of membrane interaction is universally applicable or can 
be used alone to discriminate a particular peripheral membrane protein. It is rather a careful 
combination of the various features that may help identify reversible membrane binders 
within the universe of soluble proteins.

Analysis of compositional determinants of reversible membrane binding led us to the 
conclusion that they are roughly similar to protein-protein interaction determinants. 
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Consistent with this observation, two previously published methods for predicting protein 
interfaces, ODA (Fernandez-Recio et al. 2005), and PIER (Kufareva et al. 2007), were able 
to predict potential membrane-inserting residues within 20 reversible membrane binding 
protein sites.

To improve membrane-interface prediction accuracy, we adapted the PIER algorithm 
(Figure 1). This yielded a fast computational method for detecting potential peripheral 
membrane proteins and individual membrane inserting residues on their surface. The 
resulting method is solely based on a 3D structure and does not refer to homology with 
known peripheral membrane modules or electrostatics analysis. It is based on the statistical 
preferences of the sub-residue atomic groups and on protein curvature analysis. When tested 
on a set of known peripheral proteins, the method achieved the precision of 64% at 50% 
recall at the residue level, with 7% precision being expected from random prediction. Using 
the method we were able to identify several novel potential peripheral proteins, which were 
consequently validated using NMR spectroscopy and micelle titrations, and evaluated by 
liposome binding and subcellular localization in some cases. Together this provides a 
general approach for the discovery of novel membrane interacting proteins.

Methods and Materials

Protocols for Identifying Membrane Docking Sites

The MODA algorithm—The steps of the MODA algorithm represent an improved version 
of the previously published PIER algorithm for prediction of protein interaction sites 
(Kufareva et al. 2007). Briefly, the surface of the protein of interest is covered by a series of 
overlapping two-level patches by first building a set of evenly distributed points at the 
average distance of 5 Å from one another and from the protein surface, and then by defining 
each patch as the set of all protein surface atoms located within 14 Å (for level 1, i.e. larger 
patches) or 10 Å (for level 2, i.e. smaller patches) from its master point (Figure 1). Next, 
surface atoms are assigned their per-atom membrane propensity values calculated as the 
atom solvent accessible surface area (SASA) multiplied by an atom type specific weight 
(derivation of atom types and weights is described below). Next, these values are averaged 
over the level 1 (larger) patches. Finally, patch membrane propensity scores are transferred 
to the individual surface residues by assigning each residue the weighted average of all level 
2 (smaller) patches encompassing it; the weights are proportional to the relative SASA that 
the residue contributes to each patch.

Definition and optimization of MODA parameters—For the purpose of MODA 
prediction, each atom is treated as belonging to one of 12 previously defined types 
(Kufareva et al. 2007). These 12 types constitute a statistically significant aggregation of 32 
types of heavy atoms that occur in natural amino acids and differ by chemical element, 
formal charge, sp-, sp2-, or sp3-hybridization, and the number and the type of covalently 
bound heavy atoms.

The type-specific weights for MODA were obtained by Nelder-Mead simplex optimization 
of the area under recall-precision curve on a set of well-characterized peripheral membrane-
binding proteins exhibiting a total of 191 membrane interactive residues (see below for 
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training set definition). The protocol for optimizing the MODA algorithm was initiated from 
24 random starting sets, of which 22 of them converged at the global maximum, while the 
other 2 ended up at local maximums that were incomparably lower. Figure 2 contains the 
parameter plot, where each curve represents a set of parameters derived from a single start. 
It shows that convergence in the simulations was observed for all atomic groups except 
groups 5 and 6 [S(Cys) and S(Met)]; these weights were assigned to 0 in the final version of 
the algorithm.

Dataset for MODA training and parameterization—The MODA method was trained 
using a set of validated peripheral membrane proteins for which membrane inserting 
residues were known. Monotopic membrane proteins or close homologs of the proteins 
already in the set were not included. For proteins with more than one 3D structure in PDB, 
only the highest resolution structure was retained. This yielded a set of 20 proteins that are 
listed in Table I and represented in Figure 3. The assignment of the membrane interacting 
residues was based on available biophysical or biochemical evidence from published NMR, 
electron paramagnetic resonance (EPR), fluorescence, surface plasmon resonance (SPR) or 
mutagenesis studies as follows:

• The membrane-docking surface of a protein kinase C (PKCα) C2 domain was 
mapped in a combined fluorescence and EPR study (Kohout et al. 2003).

• Membrane interaction of C2 domain of cytosolic phospholipase A2 was determined 
using NMR (Xu et al. 1998) and EPR spectroscopy (Frazier et al. 2002).

• Membrane insertion of C2A domain of synaptotagmin I has been probed using 
NMR (Chae et al. 1998) and EPR spectroscopy (Frazier et al. 2003).

• Membrane docking and insertion of the second C2 domain from synaptotagmin I 
(C2B) has been studied by site-directed spin labeling and EPR spectroscopy 
(Rufener et al. 2005).

• The membrane interacting site of PI transfer protein Sec14 was mapped based on 
X-ray crystallographic studies (Sha and Luo 1999).

• Membrane penetration by the epsin ENTH domain upon PI binding has been 
studied by X-ray crystallographic, monolayer penetration and electron microscopy 
studies (Ford et al. 2002).

• Membrane interacting sites of C2 domains of coagulation factors V and VIII were 
mapped based on X-ray crystallographic studies (Macedo-Ribeiro et al. 1999; Pratt 
et al. 1999).

• Binding of PtdIns(3)P, PS and PC molecules and micelles by the EEA1 FYVE 
domain has been characterized by NMR studies (Kutateladze et al. 2004).

• Membrane interaction sites of FYVE domains of Vps27p and Hrs have been 
characterized by SPR and monolayer penetration analyses (Stahelin et al. 2002).

• Membrane interaction of Gla domain of Prothrombin has been determined by 
fluorescence studies (Falls et al. 2001).
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• Membrane interactions of PX domains of NCF-1 and NCF-4 (p47phox and 
p40phox) have been characterized by SPR and monolayer penetration studies 
(Stahelin et al. 2003).

• Membrane interacting sites of PX domains of sorting nexin 3 and Sgk3 were 
mapped based on X-ray crystallographic studies (Xing et al. 2004; Zhou et al. 
2003).

• Membrane interactions of the PKCd C1b domains were mapped by mutagenesis 
and vesicle binding (Wang et al. 2001) and NMR (Xu et al. 1997).

• Membrane binding of cytochrome P450 has been characterized by site-directed 
labelling and fluorescence studies (Headlam et al. 2003).

• Membrane binding of PI-specific phospholipase C has been characterized by 
kinetic, fluorescence and vesicle binding studies (Feng et al. 2002).

• Membrane interacting site of ganglioside GM2-activator protein was mapped based 
on X-ray crystallographic studies (Wright et al. 2003).

Together this was deemed to form a representative albeit limited set of established 
peripheral membrane proteins with established bilayer binding properties. Their interaction 
surfaces were taken to embody the core elements that generally facilitate membrane 
docking, and hence were used to train the MODA algorithm to predict novel functional sites 
of lipid bilayer interaction.

Interpretation of MODA predictions—Prediction of membrane interaction sites from 
protein structures using the MODA tool, which is available at moda.ucsd.edu, is based on a 
set of numerical membrane propensity scores which are assigned to surface residues of the 
protein in question. There scores typically range between 0 and 50. Because in the training 
process, the area under recall-precision curve was optimized rather than the fraction of true 
positives at any fixed MODA value cut-off, there is no uniform threshold above which the 
residue is considered positive; instead, higher values represent higher likelihood of that 
residue being involved in membrane interaction. Empirical observations with MODA 
indicated that scores above 40 are highly correlated with membrane interaction sites while 
scores between 20 and 40 represent marginal signal and should be treated with caution.

Protocols for Validating Membrane Docking Sites

Protein purification—The test proteins were expressed and purified from E. coli grown 
in M9 media supplemented with 15N ammonium chloride. They were either purified using 
published protocols or standard purification methods, with the final sample always in 
conditions used for assigning the protein’s resonances (Amor et al. 2002; Nishida et al. 
2002; Thureau et al. 2004; Tyler et al. 2006).

NMR spectroscopy—To map the binding sites we recorded 1H,15N resolved NMR 
spectra of the proteins (Kay et al. 1992) on a Varian INOVA 600 spectrometer. Backbone 
amide resonance assignments were gathered from Biological Magnetic Resonance Data 
Bank (BMRB). The backbone assignments of the Neisseria gonorrhoeae MsrB protein were 
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validated using a 1H,15N NOESY-HSQC experiment (Zhang et al. 1994). Micelle binding 
was characterized by monitoring chemical shift changes in the 1H,15N HSQC spectra as 
detergent micelles composed of diheptanoyl phosphocholine (DHPC, purchased from 
Avanti Lipids), dodecylphosphocholine (DPC, Avanti Lipids), diheptanoyl phosphate 
(DHPA, Avanti lipids), 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonic acid 
(CHAPS) (Sigma) or dimethyl heptylphosphocholine (FCI09, Anatrace) were added 
stepwise to values above their critical micelle concentrations (cmc), correcting for any 
effects of monomeric detergent molecule interactions. The normalized change was 

calculated based on the following equation: , where Δ is the 
normalized chemical shift variation, δH is the observed 1H chemical shift change and δN is 
the observed 15N chemical shift change, respectively.

Determination of membrane orientation—The membrane-solvent boundary was 
modeled by a 80×80×80 Å3 orthogonal grid map M with grid step of 1 Å. Grid values were 
set to 1 for all grid points with z ≥ 0 (aqueous environment) and to −1 for all grid points with 
z < 0 (membrane environment). Rigid body position/orientation of each protein in the map 
was found using the ICM program’s Monte-Carlo optimization (Abagyan et al. 1994; 
Abagyan and Totrov 1994) of the following function:

where Δi represents normalized chemical shift of the backbone amide nitrogen of i-th 
residue, (xi, yi, zi) are its Cartesian coordinates, M(xi, yi, zi) is the grid value in the 
corresponding point, and c is a solvent-correction coefficient introduced in such a way that 
fully solvated state of the protein is slightly more preferable than fully buried state.

Results

The comparison between the sites predicted by MODA and those which have been 
experimentally verified shows how membrane interaction sites can be accurately predicted 
from protein structure alone. Although this does not necessarily mean that experimental 
validation is not required, this offers a tremendous opportunity to discover many novel 
membrane interacting sites in diverse proteins, either singly or at a structural proteome-wide 
level.

Identification of Novel Peripheral Membrane Proteins

To demonstrate the predictive power of the MODA algorithm, the method was applied to a 
set of 521 unique protein domain structures selected by the following criteria:

1. X-ray crystal structure of resolution no more than 3.5 Å available in PDB,

2. NMR chemical shift assignments of residues available from the BMRB, and

3. experimentally tractable structural domains of up to 250 residues.
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From this set, the following candidates were selected due to pronounced MODA-positive 
signals within their structures and their suitability for NMR-based validation of micelle 
binding residues:

1. ADP-ribosylation factor 1 (Arf1, PDB 1HUR)

2. Acetyltransferase At1g77540 (At1g, PDB 1XMT)

3. von Willebrand factor (VWF) A3-Domain (PDB 2ADF)

4. Methionine sulfoxide reductase (MsrB) C-terminal domain (PDB 1L1D)

Protein binding to a bilayer was assessed by monitoring chemical shift changes in 
the 1H,15N resolved NMR spectra of 15N-labelled proteins (200 μM) upon addition of 
membrane-mimicking detergent micelles. As the behaviour of membrane-associated 
proteins can be idiosyncratic (Poget and Girvin 2007), various detergents were tested by 
thermal shift and NMR assays in order to identify the most suitable micelle system for 
maintaining a given protein’s stability and spectral quality at concentrations suitable for 
mapping interaction sites. The binding regions were mapped by monitoring progressive 
perturbations of amide NMR signals of assigned residues. The membrane docking position 
of each protein was determined by rigid-body Monte Carlo optimization in a bi-layer map 
representing membrane/solvent boundary. The validity of MODA prediction was assessed 
by comparing the set of MODA-positive residues inserted into the membrane phase within 
the model and the experimentally mapped set of micelle-interacting residues.

Prediction of Novel Membrane Binding Sites

Arf1 regulates membrane trafficking within eukaryotic cells. Members of this family of 
GTPases bind reversibly to membranes by nucleotide-dependent exposure of a 
myristoylated N-terminal amphipathic α-helix. The membrane interaction by this element of 
the human Arf1 structure (Amor et al. 2002) was confirmed by the NMR-monitored micelle 
titration (Figure 4B) as well as by MODA prediction. In addition, another interacting region 
was identified on the protein surface consisting of residues E57, Y58, K73 and R79, which 
all displayed significant chemical shift variation upon addition of a mixture of DPC and 
CHAPS to the solution (Supplementary Figure 1). In the case of Arf1 the initial MODA 
prediction was valid with 100% precision and 43% recall at the residue level. The N-
terminal helix is also known to bind bicelles (Liu et al. 2010), while the second region 
overlaps a binding site for the AP-1 clathrin adaptor with which has been shown to docks to 
liposome (Ren et al. 2013), inferring a particularly complex binding mechanism.

The ATF2 protein encoded by the Arabidopsis thaliana At1g77540 gene is present in the 
nucleus and peroxisomes (Reumann 2011), and acts as an acetyltransferase against histones, 
although its specific biological substrate remains unknown (Tyler et al. 2006). The purified 
protein exhibited perturbations in the amide resonances of eight residues when dimethyl 
heptylphosphocholine (FCI09) was added step-wise to the NMR sample (Supplementary 
Figure 1). Mapping these residues onto the structure of the protein with subsequent 
membrane docking yielded the orientation shown in Figure 4C. The MODA prediction was 
confirmed to be valid with 88% precision and 27% recall at the residue level. Biological 
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evaluation of this putative membrane interaction region, which includes part of the active 
site of this understudied protein, will require further analysis.

The bilayer interaction site of the VWF A3 domain was tested by mapping NMR signal 
perturbations obtained upon titration with DHPC micelles (Supplementary Figure 1) onto 
the crystal structure (Staelens et al. 2006). This demonstrates a complicating role of 
conformational flexibility, as it suggests that the C-terminal α-helix of this domain is 
displaced upon detergent interaction. Indeed, this amphipathic helix makes extensive 
contacts with helix I in crystals, thus masking five other residues which exhibit large 
chemical shift perturbations. Consequently, we inferred that the position this helix adopts in 
crystallized form is not likely to be representative of the membrane bound state. Hence, this 
helix was not included in membrane docking optimization, which yielded an optimal rigid 
body position (Figure 4A). The MODA prediction was confirmed with 94% precision and 
55% recall. Further biological studies are warranted given that this putative membrane 
interaction region overlaps sites involved in collagen and an antithrombotic antibody 
binding (Romijn et al. 2001; Staelens et al. 2006).

The Neisseria gonorrhoeae MsrB protein domain was prepared for micelle interaction 
experiments, and a set of residues showed significant NMR chemical shift changes upon 
addition of mixed DHPC/DHPA micelles (Supplementary Figure 1). The membrane docked 
position of the crystal structure (Lowther et al. 2002) is shown in Figure 4D. The MODA 
prediction is valid with 100% precision and a recall of 54% at the residue level, and is 
consistent with the known localization of the protein to bacterial outer membrane (Skaar et 
al. 2002).

Together these four examples show that novel and diverse membrane binding sites predicted 
by MODA can be validated by NMR-based analysis of interactions using phospholipid-like 
detergents that do not compromise protein stability or spectral quality and have suitably low 
critical micelle concentrations. The benefits of the NMR method for experimental validation 
include the ability to detect potential conformational changes as well as lipid and micelle 
specificities. Nonetheless, the ability of membrane and protein partners to compete for 
binding in vivo will usually require detailed further investigation, and demonstrates the 
complexity of biological interactions which often employ coincidence detection of multiple 
ligands. Hence, other approaches such as vesicle binding and cell-based fluorescence assays 
combined with site-directed mutagenesis and competitor studies could also provide useful 
and convenient validation, particularly for larger proteins.

Positive and Negative Examples: PH domains

The ability of MODA to discriminate between proteins that can and cannot bind membranes 
was tested using a well-characterized superfamily. The PH domain is one of the most 
common structural domains in mammalian proteomes (Lemmon 2007), being present in 
more than 320 human proteins. The domain is known to mediate a variety of functions, 
including targeting cellular membranes by specific binding to PIs, and many others binding 
to proteins (Lemmon 2007). These two functional types of PH proteins can be represented 
by the phosphoinositol 4-phosphate adaptor protein 1 (FAPP1) and the serine/threonine-
protein kinase D1 (PKD1) proteins, respectively. The solution structure of the FAPP-1 PH 
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domain was solved using NMR spectroscopy (Lenoir et al. 2010), and the interaction site for 
Arf1 was mapped (He et al. 2011). The PH domain of PKD1 was modeled by homology 
from NMR structure of PKD2 (PDB 2COA) based on its 65% sequence identity. Running 
MODA on the two models revealed a membrane interface on FAPP-1 PH domain (residues 
K7-P17, Y72 and K74) next to the Arf1 binding site (Liu et al. 2014), but no site for PKD1-
PH domain. The predictions from MODA were confirmed experimentally with titrations of 
DPC:CHAPS micelles (8mM) (Figure 5). The perturbed FAPP1 PH residues were situated 
within a hydrophobic loop encompassing W8-W15 and the adjacent β7 strand L63, H70 and 
Y72, whereas no significant chemical shift changes were measured for PKD1-PH after a 
similar titration. The FAPP1-bilayer interaction is supported by a PtdIns(4)P-containing 
vesicle affinity of 230 nM, as well as lipid monolayer binding and membrane tubulation 
activity that is abrogated by mutation of the inserted hydrophobic residues (Lenoir et al. 
2010). Together this illustrates how the MODA predictions based on similar folds can 
accurately discriminate between membrane binding and non-binding variants by their 
structural motifs alone, even using homology models.

Discovering Novel Lipid Recognition Functions

The Alix protein is involved in the penetration of pathogenic agents in host cells, and is 
resident in the late endosome (Bissig and Gruenberg 2014). However the site of membrane 
interaction was unknown. Furthermore there were no obvious structural homologues of Alix 
domains which were known to interact with membranes. Hence MODA was used for de 

novo prediction of possible sites on its structural domains including Bro1 (Bissig et al. 
2013). Using the crystal structures, a major and minor potential site of interaction in the Alix 
Bro1 domain were identified between residues K101-K110 and Q232-D235, respectively. 
The major site contained part of a hydrophobic loop encircled by cationic residues (Figure 
6), and hence resembled motifs commonly involved in intracellular membrane interaction. 
Further investigation confirmed the major site as being where Alix binds membrane in a 
calcium-dependent fashion, as mutations of residues L104 and F105 to glutamic acid 
residues in the Alix Bro1 domain abrogate calcium-dependent liposome binding, endosomal 
membrane localisation and cellular functions of Alix including viral nucleocapsid delivery 
into the cytoplasm during infection (Bissig et al. 2013).

Conclusions

With perhaps half of all proteins interacting with membranes, predicting their membrane 
binding sites is of widespread importance to biological research. Here we have demonstrated 
not only recapitulation of known sites but also accurate prediction of novel membrane 
binding sites. Moreover, identifying such docking sites allows three dimensional positioning 
of protein structures in bilayer models, allowing mechanistic inferences to be made. Given 
the MODA tool’s speed, the potential to query big data such as large sets of protein 
structures for membrane interactive surfaces is now possible, and precise bilayer docking 
areas can be mapped on individual structures for subsequent bio-evaluation. This sidesteps 
the need for laborious manual curation and experimental assays of membrane proteins, 
although validation is still recommended for maximum certainty. This method could 
uncover the broader diversity of protein folds and forces used to engage and manipulate a 
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range of lipid bilayers, and could allow entirely new pockets to be exploited for therapeutic 
intervention into diseases and conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Protein surface patch generation procedure used by MODA, as illustrated using the PH 
domain of human B lymphocyte adapter protein Bam32 (PDB 1 fao). The generation of 
surface patches involves (A) expanding the solvent accessible surface by 5 Å to represent 
the overall protein shape rather than fine atomic details and to avoid leakage through thin 
sections of protein, (B) generating an even distribution of points across the surface from 
which to predict the membrane binding propensity, and (C) assigning each point to a patch 
consisting of all the proximal solvent accessible atoms within distance d Å from the point, 
where d and the learning algorithm are as described for the PIER program (Kufareva et al., 
2007) using patch predictors which were defined from the known membrane interaction 
sites.
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Figure 2. 

Sub-residue atomic group weights for membrane-propensity score calculations. Each curve 
represents a set of parameters obtained from a single start of simplex optimization. The 
inconsistent points (red boxes) indicate insufficient data for particular groups.
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Figure 3. 

Prediction of the membrane-inserting residues for the 20 known peripheral membrane 
proteins. Each panel presents two side-by-side views of the same protein, with residues on 
the left colored based on experimental data (blue – negative, red - positive), and on the right 
based on MODA’s predicted membrane-propensity scores (white – low, green - high). 
Heteroatoms are shown in magenta sticks, and metal ions in CPK.
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Figure 4. 

(A)–(D) Superimposed 1H,15N-resolved NMR spectra obtained in micelle titration of the 
predicted membrane binding proteins: (A) VWF A3-domain, (B) Arf1 (C) At1g and (D) 
MsrB. (E)–(F) Membrane docking positions for each of the same proteins, respectively. The 
membrane-solvent boundary is represented by the grey plane. Backbone amides with 
significant chemical shifts are shown in CPK and are colored by their normalized chemical 
shift perturbations. The residues with high predicted membrane propensity scores based on 
MODA analysis are shown in green sticks.
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Figure 5. 

Micelle titrations of membrane binding vs non-binding PH domains. Superimposed 1H,15N-
resolved NMR spectra of the FAPP1-PH domain (A) and PKD1-PH domain (B) are shown 
at the start (black) and the end (red) of the titration, where a final concentration of 8mM 
DPC:CHAPS (3:1) had been added. The perturbed peaks seen in the FAPP1-PH indicate 
protein residues interacting with micelles, while the lack of significant chemical shift 
perturbations in the PKD1-PH spectra indicate a lack of binding.
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Figure 6. 

Membrane binding site of Bro1 Domain of Alix. The structure of the Bro1 domain (Fisher et 
al. 2007) is shown as a ribbon model with the residues predicted by MODA to interact with 
membrane in red. Sidechains of residues that were mutated for validation of the LBPA 
binding site are depicted (Bissig et al. 2013).
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Table 1

The structures of peripheral membrane proteins used as a training set for MODA.

Protein Name Domain PDB Membrane Inserting Residues Reference

PKCα C2 1dsyA 188:190;247;249:253 (Kohout et al. 2003; Verdaguer et al. 
1999)

Cytosolic phospholipase A2 C2 1cjyA 33:36; 38:39; 62:65; 95:98 (Dessen et al. 1999; Frazier et al. 2002; 
Xu et al. 1998)

Synaptotagmin-1 C2 1rsyA 173:177; 232:238 (Chae et al. 1998; Frazier et al. 2003; 
Sutton et al. 1995)

Synaptotagmin-1 C2 1tjxA 305:307; 367:369 (Cheng et al. 2004; Rufener et al. 2005)

Sec14 Sec14 1auaA 218:221; 223:224; 227:228; 230:231 (Sha and Luo 1999; Sha et al. 1998)

Epsin-1 ENTH 1h0aA 1:7; 9:16 (Ford et al. 2002)

Coagulation factor V C 1czsA 2090:2093; 2142:2147 (Macedo-Ribeiro et al. 1999)

Coagulation factor VIII C 1d7pM 2217:2220; 2268:2272 (Pratt et al. 1999)

EEA1 FYVE 1jocA, B 1352:1353; 1365:1371 (Dumas et al. 2001; Kutateladze et al. 
2004; Kutateladze and Overduin 2000)

HRS FYVE 1dvpA 171:175 (Mao et al. 2000; Stahelin et al. 2002)

VPS27 FYVE 1vfyA 181:189 (Misra and Hurley 1999; Stahelin et al. 
2002)

Thrombin Gla 1nl2A 44:53; 59 (Falls et al. 2001; Huang et al. 2003)

p47-phox PX 1o7kA 64:69; 77:85 (Karathanassis et al. 2002; Stahelin et 
al. 2003)

p40-phox PX 1h6hA 35:36; 58; 60; 92:98 (Bravo et al. 2001; Stahelin et al. 2003)

Sgk3 PX 1xteA 76:82 (Xing et al. 2004)

SNX3 PX 1ocuA 112:118 (Zhou et al. 2003)

PKC-δ Cys2 1ptrA 239:243; 250; 252:254 (Wang et al. 2001; Xu et al. 1997; 
Zhang et al. 1994)

Cytochrome P450 P450 1dt6A 30:31; 33:34; 36:41; 43:45; 60:63; 
68:69; 376:377; 379

(Headlam et al. 2003; Williams et al. 
2000)

PI-PLC PI-PLC 1gymA 73:75; 77:78; 268:274 (Feng et al. 2002; Heinz et al. 1996)

Ganglioside GM2 activator 
protein GM2-AP 1tjjA 90:95; 160:163 (Wright et al. 2003)
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