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Abstract

Understanding the functional roles of all the molecules in cells is an ultimate goal of modern
biology. An important facet is to understand the functional contributions from intermolecular
interactions, both within a class of molecules (e.g. protein—protein) or between classes (e.g.
protein-DNA). While the technologies for analyzing protein—protein and protein-DNA
interactions are well established, the field of protein—lipid interactions is still relatively nascent.
Here, we review the current status of the experimental and computational approaches for detecting
and analyzing protein—lipid interactions. Experimental technologies fall into two principal
categories, namely solution-based and array-based methods. Computational methods include
large—scale data-driven analyses and predictions/dynamic simulations based on prior knowledge
of experimentally identified interactions. Advances in the experimental technologies have led to
improved computational analyses and vice versa, thereby furthering our understanding of protein—
lipid interactions and their importance in biological systems.

Keywords
Computational; Experimental; Protein-lipid interactions; Technology

1 Introduction

The proper functioning of cells relies on biomolecular interactions within and between cells.
Characterizing these molecular interactions has led to much of our understanding of the
molecular mechanisms of cellular regulation, biological processes, and human diseases.
Over the last decade, studies in biological science have moved from analysis of single
molecules and their individual interactions to broadly parallel, simultaneous analyses of
multiple molecules and their interactions. Concurrently with this explosion of data
generation from these “interactomics” studies has been a resurgence in the computational
approaches applied to extract meaningful information from the data, ultimately providing a
better understanding of the regulatory systems that underlie biological processes.
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Studying the variety of cellular interactions, e.g. protein—protein interactions (PPI), protein—
DNA interactions (PDI), and protein-lipid interactions (PLI), raises unique challenges. Thus
far, PPI and PDI have been extensively studied due to the availability of technologies that
can detect global interactions and analyze their roles in cellular processes [1]. PPI has been
traditionally identified by standard techniques such as spectroscopy and calorimetry [2].
Although these techniques have been critical for establishing our current understanding of
the PPI network, they are limited by the number of proteins profiled in each assay.
Development of high-throughput experimental techniques (e.g. yeast two hybrid screening
and affinity purification MS) and related computational techniques for mapping the
experimentally identified interactions have enhanced our understanding of the PPI network

[3].

Parallel technologies for PDI can be generalized into two categories: binding site
characterization and gene activation [4]. Binding site characterization studies are based on
analyzing the binding preferences of a given protein for a variety of DNA sequences in
vitro, with microarrays having been applied to good effect for these studies [5]. While these
interactions may occur in vitro, they may not be relevant to biological processes. As such,
gene activation studies examine the unique sequences bound by proteins, particularly
transcription factors, in the cellular context. Both the binding sequences and the downstream
sequences can be recovered, e.g. ChlP-chip [6] and ChIP-seq [7,8], providing critical
information about the actual function of PDI in controlling cellular responses.

In contrast, our knowledge of PLI has lagged, despite lipids being one of the most abundant
classes of cellular metabolites and data showing that the binding by lipids affects the
functions of proteins. This is due both to technical difficulties in identification of each
member of the diverse class of cellular lipids and to the relative dearth of screening
techniques for detecting global PLI. Nevertheless, advances in lipidomic research [9], paired
with techniques adapted from PPI and PDI studies, have facilitated the recent development
of novel approaches to characterize PLI. In this review, we describe the main experimental
approaches, namely solution-based and array-based approaches, for analyzing PLI and
introduce recent approaches in computational analysis of PLI. The findings from the
experimental studies of PLI could be capitalized upon to expand the current framework of
biological network analyses beyond PPI and PDI. Computational approaches developed
from network biology or structural biology of PPI and PDI can be further adopted to analyze
and integrate PLI to obtain a better understanding of their roles in mediating cellular
signaling and metabolic processes.

2 Solution-based methods for studying protein—lipid interactions

Solution-based methods allow one to estimate the equilibrium binding and binding kinetics
for PLI in complex solutions that mimic biological environments. In this section, we discuss
current experimental techniques to detect PLI in solution. The basic principles and recent
applications of the methods are introduced. In addition, the merits and pitfalls of each
method are compared (Table 1), providing a guide on which approaches might be of use in
the study of PLI under different contexts.

The liposome sedimentation assay is most frequently employed for measuring PLI in
solution. Similar to sedimentation velocity analytical ultracentrifugation used for studying
PPI [10], the sedimentation efficiency of the liposomes depends, in this case, on their size.
Typically, liposomes are mixed with a target protein and the lipid—protein complex is
separated from the unbound proteins through high-speed centrifugation (> 20,000 g). The
protein-bound liposome (higher molecular size) is contained in the pellet while the unbound
proteins (lower molecular size) remain in the supernatant. This method does not require the
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attachment of labels, and each protein fraction can be readily quantified by SDS-PAGE and
coomassie staining [11-13]. In some studies, labels (e.g. GST, MBP, radioactivity) are
attached to the proteins to improve detection sensitivity [14—-16]. Depending on the detection
methods, liposome sedimentation can be used for protein concentrations in the range of 1-
20 M. Alone, this assay is qualitative, useful for determining whether a protein interacts
with the lipids of the liposome. However, it was recently combined with proteomics
analysis, using Nano-LC-MS/MS; to identify approximately 300 potential acidic
phospholipid-binding proteins [17]. This novel combination provides a powerful tool to
identify the variety of proteins that bind to a particular lipid.

Combined with the sedimentation assay, photoactivatable groups incorporated into lipids
have been successfully used to study PLI [18, 19]. Upon UV activation, photoactivatable
groups such as benzophenones, aryl azides, 3-trifluorophenyl diazirines, and alkyl diazirines
yield highly reactive species that cross-link to form covalent bonds with proteins in contact
with the activated site. The covalently labeled protein can be subsequently separated from
unbound proteins through high-speed centrifugation and then detected by SDS-PAGE or
MS-based proteomic analyses. Protein interactions with cholesterol, sphingolipids, and
phosphatidylcholine have been successfully identified using the photo-cross-linking
approach and their applications of photo-cross-linking with lipids have been extensively
reviewed [20, 21]. In addition, recent developments of click chemistry coupled with the use
of photoactivatable groups have enabled proteome-wide detection of PLI in the
mitochondria, contributing to the realization of high throughput PLI proteomics [21].

Isothermal titration calorimetry (ITC) is one of the popular label-free, solution-based tools
for detecting PLI. In this case, ITC measures the heat generated (exothermic) or absorbed
(endothermic) during formation of protein—lipid complexes [22]. From ITC data,
thermodynamic parameters of the interaction (i.e. binding enthalpy, Gibbs free energy,
dissociation constant) can be determined. Although this method requires relatively higher
protein concentrations than the sedimentation assay, ranging from tens of micromolar to
several millimolar, it is increasingly being applied in conjunction with structure-based
techniques, such as NMR, Fourier transform infrared, and circular dichroism [23-26], to
provide structural details of the PLI coupled with thermodynamic information (Table 2).

Another widely used and label-based biophysical methodology for PLI is ESR (electronic
spin resonance) spectroscopy, which discriminates between immobilized lipids (near the
protein interface) and free lipids in solution [27]. By attaching the spin-label nitroxyl ring to
the lipid hydrocarbon chain, ESR is able to determine both the stoichiometry of the PLI and
the selectivity of the protein for different lipid species [28]. Spin—spin interactions can also
be observed between different lipid species or between lipids and spin-labeled proteins. In
addition, by changing the location of the spin label on the lipids, ESR can provide
geometrical information on the PLI, i.e. the depth to which the membrane protein penetrates
the lipid bilayer [29,30]

Fluorescence-based methods, such as FRET (fluorescence resonance energy transfer) and
fluorescence anisotropy (see reference [31] for a detail review of the theory), can also be
applied to the characterization of PLI. Each of these methods is based on the sensitivity of
fluorophores to their local environment. For FRET, once a protein containing a donor
fluorophore and a lipid labeled with an acceptor fluorophore are in close proximity
(typically 10-100 A), acceptor fluorescence signals will increase [32-34]. In cases where
sensitivity is not an issue, the use of tryptophan, with intrinsic fluorescence, as a donor
bypasses the need for post-hoc labeling of the protein. Several paired acceptors for the
tryptophan donor (e.g. dansyl [35], pyrene [36], and NBD (nitrobenzoxadiazole) [37]) have
been employed to characterize PLI. Unfortunately, light scattering and autofluorescence can
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be challenges when using conventional FRET. Therefore, time-resolved FRET (TR-FRET)
can overcome this issue by employing europium, which has a long fluorescence lifetime, in
the range of milliseconds [38,39]. TR-FRET has been applied successfully, due to its high
signal-to-noise ratio [40], in 96-well plates for screening purposes [38].

In contrast to FRET, fluorescence anisotropy is determined by measuring the emission
intensities parallel and perpendicular to the excitation plane. When a small molecule
interacts with a larger one, the hydrodynamic volume of the complex increases, resulting in
higher fluorescence anisotropy values. The fluorophore can be labeled either on the protein
[41,42] or lipid [43,44]. Intrinsic tryptophan fluorescence has also been used in anisotropy
measurements for quantifying the binding affinity of a PLI [45]. In addition to FRET and
fluorescence anisotropy, other fluorescence-based methods employed to quantify the
interactions between proteins and lipids include two-photon microscopy [46], fluorescence
correlation spectroscopy [47], and flow cytometry [48]. As with the sedimentation assay and
ITC, fluorescence-based methods have also been combined with structural-based methods
for improved characterization of the protein—lipid complexes (Table 2).

3 Array-based methods for analysis of protein—lipid interactions

3.1 Immobilization techniques

High-throughput screening of PLI have been performed using both protein [56] and lipid
[57] microarrays. Here, we will focus on the application of lipid microarrays to probe PLI,
with particular emphasis on the most recent developments in this technology. Lipid
microarrays typically require the lipid molecules to be immobilized onto a planar surface.
Several types of lipid systems can be immobilized onto surfaces (Fig. 1), including single
lipids, liposomes, and supported lipid bilayers. In addition to these lipid systems, nanodiscs
consisting of a discoidal lipid bilayer enclosed within an amphipathic protein belt were
recently used to immobilize lipid bilayers on sensor chips for PLI studies [58]. Although the
nanodisc approach requires additional steps to incorporate the lipids within the supporting
protein, they provide a more soluble, uniform, and stable environment than the single lipid,
liposome, and supported lipid bilayer approaches.

Techniques for immobilizing liposomes and supported lipid bilayers have been recently
reviewed in [59, 60]. The most common and conventional method used for PLI studies is to
spot the lipids on nitrocellulose membranes (Fig. 1A), which has been employed in protein
lipid overlay assays [61,62]. This method is the simplest one in that it does not require any
chemical modification of the lipids or fabrication steps on the surfaces. Immobilization
techniques are well developed, and have been adapted into commercial products for
screening. These immobilization methods are incorporated in commercial lipid arrays, such
as PIP Strips™, PIP MicroStrips™, SphingoStrips™, and PIP Array™. In addition, these
membrane surfaces are typically fragile, making them infeasible for high-throughput
screening systems for detecting PLI. However, recent studies used the nitrocellulose or
PVDF membranes attached onto glass slides for automated spotting systems [63,64]. To
obtain more uniform lipid bilayer structures, supported lipid bilayers can be generated from
lipid vesicle fused onto hydrated surfaces made of silica or polydimethylsiloxane (PDMS)
(Fig. 1B). By applying a thin silicate layer to the gold substrate, without any surface
chemistry modifications, the lipid vesicles fused onto the silicate surface to produce a single
lipid bilayer [65,66]. In addition, PDMS is an ideal alternative for hydrophilic surfaces to
generate supported lipid bilayers [67]. However, it is known that the planar supported lipid
bilayers have stability issues, by causing vesicle deformation that induces stress into the
lipid bilayer [60]. There are two ways to improve the stability of the supported lipid bilayers.
One approach is to introduce poly(ethylene glycol) (PEG)-derivative-lipids (PEG-brush
configuration), which helps to retain a functional air-stable bilayer membrane [68, 69].
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Alternatively, to achieve gentler immobilization, the irreversible interaction between
biotinstreptavidin can be capitalized to generate tethered-supported lipid bilayers [70] (Fig.
1C). In addition, liposomes and nanodiscs also have been immobilized using biotin-
streptavidin interactions in the tethered lipid systems [58,71].

3.2 Detection techniques

While techniques for immobilization have been extensively studied, methods to detect PLI
are not well developed. Similar to protein microarray [72, 73], detection techniques
employed in lipid microarray analyses can be categorized into two classes: label-based and
label-free methods (Fig. 2). Label-based detection methods require labeling of the target
proteins with fluorescent dyes, epitope tags, radioisotopes, or signal-generating enzymes
(e.g. horseradish peroxidase (HRP)). Label-free methods (e.g. surface plasmon resonance
(SPR), MS, atomic force microscopy (AFM), and interferometry) measure the inherent
physical properties of the target proteins such as mass or dielectric properties. Label-based
methods are more widely used, because the associated instruments are readily available.
However, they are more laborious, requiring the attachment of tags on the proteins that
could interfere with protein function. Although label-free techniques avoid these issues, they
are typically less sensitive than the label-based approaches. However, the sensitivity of
label-free techniques (especially SPR) has dramatically increased in recent years using
approaches that can amplify the signals.

3.2.1 Label-based technigues—As with the solution phase analyses discussed above,
fluorescent labels are commonly applied in label-based methods (Fig. 2A). Fluorophore-
tagged proteins can be detected on lipid-coated surfaces using fluorescence microscopy.
Often, these studies are piloted using the model Cholera toxin protein, which binds to GM1
gangliosides and is clinically relevant. In such studies, GM1 lipids are incorporated into
phospholipid bilayers immobilized onto a surface, and the Cholera toxin protein is labeled
with either FITC [69, 70] or Alexa dyes [74-76]. It was demonstrated that the tethered
supported bilayer system has relatively high sensitivity and can detect protein at nanomolar
concentrations [70]. In addition, total internal reflection fluorescence microscopy (TIRFM),
one of the preferred techniques used to observe single molecules attached to planar surfaces,
has been employed to measure the Cholera toxin-GM1 interaction [74]. In TIRFM, since
only the membrane-bound proteins can be excited by the evanescent wave of an internally
reflected laser beam, the binding kinetics between the proteins and lipids can be quantified.
Thus, TIRFM was able to detect the binding of GM1 in planar supported bilayers to Alexa
595 labeled-Cholera toxin protein at concentrations as low as 100 pM [74]. The fluorescence
method has also been coupled with antibodies to detect PLI through an ELISA-like approach
[67,77]. Thus the fluorescence-based immunodetection method provides a fast, simple, and
sensitive detect for high-throughput screening of PLI.

Chemiluminescence detection also can be used with label-based detection methods (Fig.
2B). Protein lipid overlay assay has adapted the chemiluminescence detection method for
semiquantitative measurements of PLI. Typically, nitrocellulose membranes immobilized
with lipids are incubated with a protein possessing an epitope tag [62, 64, 78]. The lipid-
bound protein is then detected by immonoblotting with an HRP-conjugated antibody against
the epitope tag. The protein lipid overlay assay has been successfully applied to screen PLI
in yeast [64]. In addition, chemiluminescence has been used as a readout for a microplate-
based approach to characterize PLI [77, 79]. Chemiluminescence methods typically have a
detection limit in the range of 1 nM protein, roughly tenfold lower than fluorescence-based
methods.
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3.2.2 Label-free techniques—SPR is an optical technique that measures changes in
refractive index at a metal-coated surface, and is a powerful analytical method for studying
biomolecular interactions. SPR allows for rapid, label-free characterization of PLI, with
direct measurement (Fig. 2C) and sensitivities of approximately 3 nM protein having been
achieved [80]. Using an amplification approach involving functionalized gold nanoparticles
in combination with an in situ atom transfer radical polymerization reaction, the detection
limit was lowered to 160 aM (1.6 x 10716 M) [81], achieving a higher sensitivity than
previously reported detection methods. A recent study integrated SPR with neutron
reflectivity and electrical impedance spectroscopy to investigate different aspects of a PLI,
providing information about the lipid composition as well as the structural properties of p-
lactoglobulin regulated by the PLI [82].

Single sample detection of PLI by SPR was successfully measured over a decade ago [83].
Recent publications have focused on using SPR as a screening tool for real-time analyses of
multiple samples [58, 65, 80-82, 84, 85]. Further, SPRi (SPR imaging), an advanced format
of SPR in which an image of the light reflected from the SPR substrate can be obtained,
allows visualization of a whole array in real-time. SPRi was used to detect PLI, using both
microfluidic and etched glass array formats [66, 68, 86, 87]. Current efforts are focused on
achieving sensitivities with SPRi for parallel measurements that match those of
fluorescence-based approaches.

MS technology has recently become one of the most popular methods to detect PLI in
parallel, due to its capacity to identify the variety of lipids present in biological samples
[88]. Many studies have focused on the identification of phosphoinositide (Pl)—protein
interactions using the lipid affinity capture method combined with MS [89]. In this
approach, either proteins or lipids are immobilized on the affinity matrices. The immobilized
molecules then capture their binding partners from cell extracts. The interactions are then
detected by LC-MS/MS. Thus far, MS has rarely been applied on lipid microarray to detect
PLI. Two types of time of flight MS (TOF-MS), which display mass-to-charge values and
signal intensities of individual proteins, have been adapted to measure PLI [76, 90] (Fig.
2D). MALDI-TOF (matrix-assisted laser desorption/ionization time of flight MS) and
SELDI-TOF (surface enhanced laser desorption/ionisation-time of flight MS) have been
applied to single PLI [76] and array-based measurements [90], respectively. Both MS
applications were able to identify oligomeric lipid-binding proteins [76,90].

Other techniques such as AFM, and interferometry are less frequently used to detect PLI.
AFM has been used to probe PLI (AFM probing) or generate surface images (AFM
imaging) of protein—lipid complexes [90, 91] (Fig. 2E). The interaction force between
phospholipids immabilized on a sensor chip and proteins conjugated on a gold-coated
cantilever was measured using AFM probing to show that lipids can interact with the C2A
domain of synaptotagmin I [91]. AFM imaging showed that the a.-synuclein protein
penetrated a lipid monolayer and that the dimer form of the protein had higher affinity for
the lipid bilayer relative to the monomer [90]. In addition, backscattering interferometry
(BSI) was used to measure changes in refractive index on microfluidic chips that result from
intermolecular associations, which provides the binding affinity between the proteins and
lipids [92].

4 Computational analysis of protein—lipid interactions

In this section, we introduce the available computational approaches for analyzing and
predicting PLI. Much of the analysis depends on the characteristics of the data generated by
the various approaches that tackle different biological questions. Large-scale interaction data
are used to systematically catalog protein—lipid associations, and to identify potentially
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novel interactions. In contrast, small-scale data with detailed kinetics are beneficial for
studying molecular mechanisms of protein—lipid binding and identifying essential domains
and binding sites. Since this is a new research area that has not been fully explored, we also
provide a perspective of this field.

4.1 Large-scale analysis

Large-scale screening and computational analysis of PLI network in a model organism had
not been fully explored until recently. A pioneering study in yeast [64] demonstrated the
feasibility and potential benefits of such a systematic study. Using miniaturized
nitrocellulose arrays (protein lipid overlay assay), they measured in parallel the binding
profiles of 172 soluble proteins to 51 lipids and their metabolic intermediates. As a simple
eukaryotic model organism, yeast has the advantages of a smaller number of genes and a
well-studied metabolic system. The 51 lipids and their metabolic intermediates cover the
major lipid classes and the 172 protein-set contains the majority of proteins with LBDs
(lipid-binding domains) and the known lipid-regulated proteins and enzymes involved in
lipid metabolism. Thus this study established a framework to systematically catalog PLI in
yeast.

To validate the findings from their systematic screening in yeast both computational
analyses and experimental techniques were applied to evaluate the PLI identified by the
methodology [64], and they include:

0) (computational) Statistical analysis based on literature-derived reference dataset.
The literature-derived reference dataset provides a collection of known PLI.
Comparing the large-scale lipid array data with the reference dataset allowed for
the estimation of the accuracy, sensitivity, and bias of the methodology based on
its recovery of the known interactions.

(i) (computational) Use the yeast genetic network to provide (indirect) functional
relationships in support of the novel interactions. This is based on the
assumption that proteins and lipids that physically interact may be functioning in
a same pathway, or in different pathways but of similar function. Under this
assumption, if the known metabolic pathways involving a lipid X contain
enzymes that are functionally related to a protein Y, then the lipid X and protein
Y could be functionally related. The yeast genetic network provides such
functional relationships between different proteins.

(iii)  (experimental) Physiological assays, including protein recruitment to liposomal
and biological membranes, to determine whether the protein-lipid pairs
measured in vitro could represent actual interactions in vivo.

(iv)  (experimental) Perturb the lipid metabolism, (e.g. sphingolipid synthesis) with
antibiotics, and use live-cell imaging to determine the effect of the perturbations
on the subcellular localization of the proteins that are identified to interact with
the lipid.

Further computational analyses, e.g. sequence comparison and protein structure modeling,
were applied on the novel interactions that were identified to help uncover potential
mechanisms including novel protein-lipid binding sites as well as their functional role in
cell regulation [64]. For example, there were proteins identified to interact with lipid classes
that are not known to have LBDs, however sequence alignments helped to identify cryptic
domains, e.g. CRAL/TRIO CRAL/TRIOQ (a protein structural domain that binds small
lipophilic molecules, it is named after cellular retinaldehyde-binding protein and TRIO
guanine exchange factor), in some proteins, which are remote homologs of LBDs that have
previously gone undetected in these proteins. Further testing using physiological assays
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confirmed the prediction that these domains were responsible for lipid binding. Furthermore,
they collected proteins confirmed by live-cell imaging to function in sphingolipid
metabolism, and subsequently found enriched PH (Pleckstrin homology) domains on these
proteins, suggesting the PH domain could be an unanticipated LBD that could function in
sphingolipid recognition. Structural analysis of the proteins through X-ray crystallography
and protein-lipid docking studies supported the cooperative lipid binding to the PH domain,
and suggested the PH domain of the SIm1 protein played an important role in integrating the
phosphatidylinositol phosphates (PtdInsP) and the sphingolipid signaling pathway.

The study in yeast demonstrates the first systematic screening of PLI in a model organism,
and large-scale protein-lipid data analysis. Computational analyses can be performed to
provide initial checks on the data quality and to filter the data using statistical approaches
based on current knowledge of PLI. Other types of interaction data, e.g. the known genetic
interactions in yeast, could be useful in such cross validation studies. Since gene and protein
interaction data are widely available in other organisms, one could consider PPI (signaling
pathways) or PDI (gene expression) data to filter and interpret the novel PLI that are
identified. Comparing the novel interactions with current PLI databases or LBD domains
could facilitate the discovery of novel LBDs, and when coupled with experimental
validation, can identify novel functional mechanisms of protein—lipid binding, i.e. their
functional role in cell regulation.

4.2 Molecular mechanism

In contrast to the large-scale screening that categorizes PLI and analyzes their functional
role, other computational efforts have focused on predicting protein-LBDs in silico to
explore the molecular mechanisms of such interactions. These approaches can be
categorized into two canonical types: (A) machine learning (classification) approaches based
on a training set; (B) abinitio prediction based on dynamic simulations.

In type A, the setting is as follows, given the amino acid sequence of known LBDs, predict
which amino acid residues in a protein could be located at the protein—lipid interface. This is
a classification problem, i.e. each amino acid in the protein sequence could be classified as
being either at the interface or distant from the interface. Machine learning approaches (i.e.
to learn a pattern from the current interaction data and use the pattern to predict new
interfaces) can be applied to such classification problem, which is essentially similar to the
methods used for identifying the interfaces in protein-DNA or protein-RNA interactions
[93]. Although the problem setting focuses on the sequence level, the training dataset
usually is collected from structural data (in PDB, http://www.rcsh.org/pdb) wherein one
could reliably determine if an amino acid residue is involved in an interaction. A commonly
used standard is to consider all amino acid residues within 3.5 angstroms of any lipid
molecule to be the interaction interface of the protein. An early study by Irausquin and
Wang [94] applied Support Vector Machine on sequence data to predict which amino acid
on the protein can be bound by the lipid. They achieved around 52% sensitivity (i.e. of all
the amino acids in the protein-lipid interface, 52% was identified by this approach) and 71%
specificity (i.e. 71% of the predictions made by the approach are correct, which includes
both the true positive predictions for which the amino acids actually are located on the
protein—lipid interface and the true negative predictions) in a training dataset of 470 lipid-
binding proteins. A recent study [95] improved the approach by incorporating Position
Specific Scoring Matrix (PSSM) into the feature set, i.e., instead of predicting each amino
acid individually. They also consider the flanking sequence around the amino acid and the
conservation of the flanking sequence, because the LBDs as the functional part of a protein
should have similar patterns and be more conserved than the other sequences. The approach
increase the accuracy to around 80% (63% sensitivity, 90% specificity) thereby bolstering
the applicability of learning approaches for predicting protein-lipid-binding interfaces. A
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limitation of this type of approach is that they do not necessarily provide detailed
information on the molecular mechanism of how the proteins interact with the lipids.
Nevertheless some of the methods were able to learn or infer the amino acid that were likely
lipid-interacting residues [94], and to identify hydrophobic amino acids that appeared more
frequently at the interface.

More mechanistic information can be obtained with the type B approach, which applies
molecular dynamic (MD) simulation to compute protein—lipid-binding structures in silico.
MD simulation is a powerful technique for studying the interaction interface and relating
protein structure to function [96]. To explore a protein-lipid interaction necessitates the
structures of both the protein and lipid bilayer. MD simulation could predict the potential
positioning of the protein within the lipid bilayer and thereby provide a mechanistic
understanding of the interaction.

Given that a biological system consists of a large number of molecules, conventional MD
approach (i.e. atomistic MD simulation) that simulates all the atoms in a biomolecular
system is computationally very expensive and infeasible. Therefore limiting its application,
i.e. to the protein-lipid interface, and simplifying the model makes it more tractable. One
approach taken to simplify the atomistic model was the development of a low-resolution
hydrophobic slab model that treated the entire lipid-bilayer as one hydrophobic slab for
positioning the membrane proteins, which reduced the computation time, [97]. However, the
slab model ignored all possible conformational changes of the membrane that could occur
during an interaction, thus making it difficult to study the specificity and functional
mechanism of the interaction.

In contrast to assuming a slab configuration, coarse-grained (CG) simulation [98-101]
applies a coarse-grained representation of the constituent molecules in a biomolecular
system to achieve simplification of the system without losing all the details on the PDI
interface. In CG models, the atoms are grouped together to form particles, e.g. by grouping
four nonhydrogen atoms into one particle [100], or larger groupings are used to map amino
acids into only two interacting CG particles, one for the backbone and one for the side chain
[101]. The level of detail of the CG model for exploring the interaction mechanism
correlated inversely with the computation time, with more mechanistic details requiring
more simulation time. For a given CG model, one could derive the interaction parameters
(the force field) for all the CG particles and compute the contribution of each (bonded and
nonbonded) interaction to the potential energy of the simulated system [101]. With the CG
particles and the force field, the CG-MD simulation begins by placing the membrane protein
in a space along with randomly positioned CG lipid molecules to form a bilayer. The
simulation is run (for example) for approximately 0.25 microseconds (approximately a day
of CPU time, and may vary depending on the complexity of the CG model and the size of
the protein) [100] to observe whether the bilayer self-assembles around the protein.

CG-MD results could predict the interaction structure and identify specific features of the
PLI. For example, the KvAP (voltage-gated potassium channels) protein is a voltage sensor;
however it was not known how the protein sensed voltage. CG-MD simulation of the
voltage sensor (VS) domain on the KvAP protein [100] showed significant local distortion
of the bilayer in response to changes in the voltage across the cell membrane. This suggested
a novel mechanism by which the protein senses voltage—through local structural changes at
the interaction surface.

Currently CG-MD is being applied to explore functional specificity of PLI, e.g. whether
different amino acid compositions preferentially locate in different regions of the membrane,
and if there are differences in the bilayer distortion with different types of transmembrane
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domains [99]. A structure database that is specific to protein-lipid interactions (http://
shch.bioch.ox.ac.uk/cgdb) [102] has been constructed using CG-MD self-assembly
simulations, which collected 91 proteins and their interaction structures with the DPPC lipid
bilayer. Future studies could focus on improving the CG models and CG force fields to
account for interactions of membrane proteins with different lipid bilayers [99], e.g.
palmitoyloleoyl phosphatidylcholine (POPC), palmitoyl-oleoyl phosphatidylglycerol
(POPG), etc., and developing multi-scale approaches that combine CG and atomistic MD
simulation to enable simulations with more mechanistic details.

In summary, LBDs on proteins could be predicted based on sequence information using
machine-learning approaches, or based on 3D structural information obtained through
molecular dynamic simulations. The predictions generate hypotheses that could be tested
using experimental methods described in the above sections. Thus integration of
experimental and computational techniques would enhance our understanding of the
molecular mechanisms of PLIs. For example, dynamic simulations could identify potential
regions of interactions between a protein and lipid, and when coupled with experiments
could discover novel lipid-binding regions or domains on the protein.

5 Conclusion

Reliable methodologies that characterize the interactions of biomolecules offer tremendous
value in advancing our systematic understanding of biological systems. Current challenges
still exist in the field of PLI. Solution-based methods are relatively well established as
compared to array-based methods and when integrated with structure-based methods
provide more in depth information on PLI. Although array-based methods for characterizing
PLI have progressed, challenges remain and further improvements in detection are needed to
capitalize upon parallel, high-throughput analyses.

Computational approaches are being developed to analyze large-scale data and predict novel
LBDs based on current knowledge (Table 3). These approaches, including the statistical
analysis of high-throughput systems and the learning and dynamic simulation of molecular
interactions, are in their early stages and thus far have been limited by the quality and scale
of current PLI data. With the development of detection strategies and accumulation of large-
scale PLI data, more computational approaches developed from network biology (i.e.
pathway analysis and functional annotation) or structural biology (i.e. conservation analysis
and building domain databases) of PPl and PDI could be adopted to analyze PLI. Finally,
integrating PLI data with other data, i.e. gene expression and metabolic data, would provide
a more complete depiction of cellular signaling and metabolic processes.
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LBD lipid-binding domain

MD molecular dynamic

PDI protein-DNA interactions

PLI protein—lipid interactions

PPI protein—protein interactions

SPR surface plasmon resonance

SPRi surface plasmon resonance imaging
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Figurel.

Immobilization techniques. (A) Protein lipid overlay assay. Lipids can be noncovalently
spotted on hydrophobic surfaces such as nitrocellulose membrane. (B) Supported lipid
bilayer. The lipid bilayers can be generated from lipid vesicle fusion on silica surface
supported by gold. (C) Tethered-supported lipid bilayer. Planar lipid bilayers, liposomes,
and nanodiscs containing biotinylated lipids can be anchored onto streptavidin-coated
surface.
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Detection techniques for lipid microarray systems. (A) Fluorescence-based detection uses
either fluorophore-tagged proteins or fluorophore-tagged antibodies against target proteins
to detect protein-lipid interactions. (B) Chemiluminescence generates signals from HRP-
conjugated antibody targeted for lipid-bound proteins. (C) SPR measures changes in the
refractive index near a sensor surface. The interaction between the surface immobilized lipid
bilayer and the proteins results in a change in the refractive index. (D) TOF-MS method uses
laser energy to generate ions, displaying the mass-to-charge values and signal intensities of
the proteins that interact with the lipids. (E) AFM equipped with a gold-coated cantilever
sensor measures changes in the forces when the proteins interact with the lipids.
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Solution-based techniques to detect PLI
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Methods

Advantages

Disadvantages

Liposome sedimentation assay

Photoactivated cross-linking assay

Isothermal titration calorimetry (ITC)

Electron spin resonance (ESR)
spectroscopy

Fluorescence-based assays

Applicable for proteomics analyses (in vitro and
in vivo); available as both label-free and label-
based methods.

Applicable for proteomics analyses (in vitro and
in vivo).

Provides thermodynamic parameters; is a label-
free method.

Provides stoichiometry, selectivity, and
geometric information of PLI; can be applied on
opaque samples.

Higher sensitivity.

Difficult to quantify the equilibrium
constants.

Low sensitivity (provides low yield of the
cross-linked lipid-binding proteins).

Low sensitivity (requires higher protein
concentrations).

Requires post-hoc molecular modification
that limits the applicability of the approach
in biological membranes.

Problems with light scattering and auto-
fluorescence.
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Coupled solution-based and structure-based techniques to analyze PLI
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First author/reference  Description Y ear

Alegre-Cebollada [49] Binding of Sticholysin 1l Toxin and its mutants to sphingomyelin/DOPC/Cholesterol-containing liposomes 2008
studied by 1 TC and structural changes upon lipid binding by FTIR

Shao [50] Binding of Lactadherin C2 Domain to liposomes containing phosphatidylserine by FRET and flow 2008
cytometry and structural determination of lipid binding sites by X-ray crystallography

Erlmann [51] Binding of Deleted in Liver Cancer 1 (DLC1) to liposomes containing phosphatidylinositol-4,5- 2009
bisphosphate by liposome sedimentation assay and FRET

Hughes [23] Binding of Phospholamban (PLM;_»3) to phospholipids by ITC and NMR 2009

Jobichen [52] Binding of GrIR (global regulator of LEE repressor) to phospholipids by I TC and structural characterization 2009
of lipid binding domain by X-ray crystallography

Marsh [53] Orientation and Peptide-Lipid Interactions of Alamethicin Incorporated in Phospholipid Membranes by ESR 2009
and IR

Mustafa [44] Binding of serine racemase to liposomes containing phosphatidylinositol (4,5)-bisphosphate (PIP2) by 2009
liposome sedimentation assay and fluor escence anisotropy

Qiu [43] Interaction of B-amyloid (AB) peptide with liposomes by FRET and fluor escence anisotr opy 2009

Guillén [45] Binding of Hepatitis C virus protein NS4B to liposomes by fluor escence anisotropy and structural changes 2010
upon lipid binding by IR

Tsujita [17] Identification of acidic phospholipid-binding protein candidates by Nano-L C-M S/M S and confirmation the 2010
interactions between acidic phospholipid-binding proteins with lipids by liposome sedimentation assay

D'Errico [29] Binding of bovine seminal ribonuclease (BS-RNase) to liposomes by ESR and SPR and structural changes 2011
by CD

Hughes [54] Binding of the cytosolic domain of Phospholamban (PLMzg_7,) to phospholipids by I TC and NMR and 2011
structural determination by CD

Hundertmark [26] Binding of LEA18 (Late embryogenesis abundant 18) protein to liposomes by I TC and structural 2011
determination by CD

Kobashigawa [42] Binding of EEAL (Early endosome antigen 1) FYVE domain to liposomes containing phosphoinositides by 2011
fluor escence anisotropy and NMR

Bhunia [25] Binding of scaffold protein Ste5 to phospholipids by I TC and structural determination by NMR and CD 2012

Dixon [39] Binding of 1Q motif containing GTPase activating proteins to phosphoinositides by TR-FRET and X-ray 2012
crystallography

Hoernke [24] Binding of cationic pentapeptides to liposomes by ITC and FTIR 2012

Krishnakumari [55] Binding of peptides corresponding to the carboxyl-terminal region of human-p-defensins-1-3 to liposomes 2012

by ITC and fluor escence anisotr opy
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Computational-based approaches for studying PLI

Table 3

Page 21

Large-scale analysis

Molecular mechanism

Data required

Objective

Techniques

Usage

Future perspective

High-throughput PLI screening (protein or
lipid microarrays).

Systematic catalog and analysis of PLIs in
an organism/phenotype.

Sequence comparison; statistical analysis;
network analysis/ inference [64].

Estimation of the accuracy, sensitivity, and
bias of high-throughput screening;
inference of PLI function [64].

Incorporation of PPI and PDI to achieve
comprehensive understanding of the
functional mechanisms of PLIs.

Structural and kinetic details of PLI (NMR, FRET, etc.).

Prediction of PLI, PLI-interface, and dynamics. Exploring the molecular

mechanism of PLI.

Machine learning (classification) [93-95].

Prediction of binding interface/motif based on
sequence [94,95]

Multi-scale approaches that model and
combine different levels of molecular

information to achieve better understanding of

the molecular mechanisms of PLI.

Molecular dynamic
simulation [96-102].

Study the structural basis
of PLI [102]; explore
functional specificity of
PLI [100].
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