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ARTICLE INFO ABSTRACT

Article history: Background: Membrane proteins (MPs) play diverse and important functions in living organisms. They constitute
Received 23 March 2017 20% to 30% of the known bacterial, archaean and eukaryotic organisms' genomes. In humans, their importance is
Received in revised form 4 July 2017 emphasized as they represent 50% of all known drug targets. Nevertheless, experimental determination of their
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- ) three-dimensional (3D) structure has proven to be both time consuming and rather expensive, which has led to
Available online 15 July 2017

the development of computational algorithms to complement the available experimental methods and provide
valuable insights.

ﬁé‘:{g;gﬁ{e proteins Scope of review: This review highlights the importance of membrane proteins and how computational methods
Computational modeling are capable of overcoming challenges associated with their experimental characterization. It covers various MP
Machine-learning structural aspects, such as lipid interactions, allostery, and structure prediction, based on methods such as Molec-
Transporters ular Dynamics (MD) and Machine-Learning (ML).

GPCRs Major conclusions: Recent developments in algorithms, tools and hybrid approaches, together with the increase

in both computational resources and the amount of available data have resulted in increasingly powerful and
trustworthy approaches to model MPs.
General significance: Even though MPs are elementary and important in nature, the determination of their 3D
structure has proven to be a challenging endeavor. Computational methods provide a reliable alternative to ex-
perimental methods. In this review, we focus on computational techniques to determine the 3D structure of MP
and characterize their binding interfaces. We also summarize the most relevant databases and software pro-
grams available for the study of MPs.
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1. Introduction

Membrane proteins (MPs) have diverse functional roles, featuring
important functions such as ion and molecule transport, immune sys-
tem molecule recognition and energy transduction [1]. It is therefore
fundamental to comprehensively understand their structure and struc-
ture-function relationships. 3D structures of various MPs have been
characterized in recent years by several experimental methods, such
as Nuclear Magnetic Resonance (NMR), X-ray crystallography and
cryo-electron microscopy [2]. MPs, unlike soluble proteins, are difficult
to analyze in their native environment, due to their insertion in the li-
pidic membrane [2-3]. They are affected by the membrane and various
specific factors, such as cholesterol content [4] and hydrophobic thick-
ness of the lipid bilayer [5], but also influence the membrane structure
itself [5a]. All these aspects contribute to the technical experimental dif-
ficulties in the structural characterization of MPs, which explains their
relatively low number in the Protein Data Bank (PDB) [6], despite
their high proportion in the human proteome [7].

The computational prediction of soluble protein structure can be
considered a particularly advanced field, both in terms of variety of ap-
proaches and the accuracy they can achieve [8]. However, computation-
al prediction of MPs and their interfaces, especially when studying
dimers or high-order oligomers, is still in its early days [9]. Current ap-
proaches are usually based on a combination of homology modeling
[10] or de novo protein structure determination [11] with ML algo-
rithms [12] to predict binding interfaces and/or intermolecular contacts,
and MD simulations to refine the models and study their dynamical
properties [13].

Some MPs are of particular interest for therapy assessment and drug
targeting given their role in physiological processes and biochemical
pathways. Among them are G-protein Coupled Receptors (GPCRs), ion
channels and transporters. All these cover a wide array of functions
while maintaining some common traits among their respective (su-
per)families. Here, we aim at giving a brief overview of MP and the ex-
perimental methods for determining their structure, followed by a
comprehensive assessment of known computational methods for the
prediction of MP structure and structure-related characteristics, such
as topology and binding interface prediction. Lastly, we highlight
some recent computational studies on key MPs and their main features.

2. Membrane proteins

MPs have been defined as proteins associated to lipid domains,
which are involved in communication, regulation and structural coher-
ence. In fact, proteins that entirely or partially span the membrane (in-
trinsic/Trans membrane (TM) proteins), as well as proteins that are
peripherally membrane-bound (peripheral MPs - PMPs), can carry
out these functions. Due to the high amount of information and compu-
tational methods for MPs, we focused on TM proteins, which will be re-
ferred to as MPs. For readers interested in PMPs, specialized reviews can
be found covering this class of membrane proteins [ 14], their interaction
with the membrane [15] and the experimental and computational
methods for their study [16].

Only a detailed understanding of MP structure-function relation-
ships will allow the understanding of common pathologies at a molecu-
lar level and the development of improved pharmacological procedures
[17,18,19]. The most functionally relevant intrinsic MPs are typically
split into ion channels, membrane receptors and transporters [1a,20].
lon channels facilitate the diffusion of ions across membranes, bridging
the intra- and extracellular environments across the hydrophobic lipid
bilayer by allowing hydrophilic molecules and ions to pass through
the membrane. lon channels are structurally modulated by the TM elec-
trochemical potential, the binding of ligands, and mechanical stress
and/or changes in the local lipid environment [21]. In some cases, this
modulation is required for biological function [22]. Membrane recep-
tors, comprising GPCRs as well as olfactory receptors (ORs) and nuclear
receptors [23], play roles in different biochemical and signaling
pathways, and in triggering environment, immune, hormonal and neu-
rological responses, which makes them highly interesting targets for
therapeutical investigation. They often share common structural traits,
allowing for their classification into protein families or superfamilies.
Transporters span the cell membrane with recurring specific membrane
topologies, energy coupling mechanisms and substrate specificities.
They are capable of transporting molecules and ions across the mem-
brane, triggering environment-driven responses, delivering essential
nutrients and disposing cellular waste.

MPs as defined in this review consist typically of several domains:
extracellular (typically involved in cell-cell signaling and/or interac-
tions), intracellular (performing a wide range of functions such as acti-
vating signaling pathways and anchoring cytoskeletal proteins) and
intramembrane (such as pores and channels) [24]. TM proteins in gen-
eral are amphipathic, meaning that they have different electronegativity
and hydrophobicity profiles along their structure, allowing them to be
both in contact with water (hydrophilic environment) and the mem-
brane (hydrophobic environment). The structure and function of
many TM proteins depend on Post Translational Modifications (PTM)
such as phosphorylation and glycosylation. The two major recurrent
protein structure motifs in MPs are TM at-helices [25], repeatedly cross-
ing the membranes in a-helical bundles and B-strands arranged into
super-secondary structures known as >-barrels [26].

3. Experimental structural determination of membrane proteins

Despite their functional importance, only 4.193 structures of mem-
brane proteins (or rather of sub-domains) can be found among the
131.485 determined protein structures deposited at the PDB [7] (statis-
tics from June 29th 2017) (Fig. 1). This means that <1% of all determined
protein structures belong to MP families. This number includes multiple
submissions of the same protein under a variety of experimental condi-
tions. In contrast to the limited number of available MP 3D structures,
there are 199.322 MP sequence clusters according to UniProt's UniRef
(June 29th 2017).

Two major factors can explain this discrepancy: i) difficulties in both
expression, which can be done in several organisms [27] but mostly in
Escherichia coli (E. coli) [28] and purification processes; ii) challenges as-
sociated with the actual determination of the 3D structure of the
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