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Abstract

Membrane proteins are proteins present in the cell membranes either spanning the width of the
bilayer membrane or interacting with the surface of the membrane. They are involved in essential
biological functions for the survival of living organisms. Their functions include transportation
of ions and molecules across the cell membrane and initiating the signaling pathways. They
are potential target of more than 60% of the modern medical drugs. Mutations or misfolding of
membrane proteins are connected to numerous human dysfunctions, diseases and disorders.
Structural and dynamic properties of membrane proteins are very essential to understand their
function. Despite the biological importance of membrane proteins, limited information exits about
these systems. Here, we briefly discuss current situation of membrane protein research including
challenges and recent progress on structure biology approaches and their impact on solving
pertinent biological questions related to membrane proteins.
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Perspective

Membrane proteins mediate processes that are important for the function of biological
cells. Membrane embedded proteins move ions and solutes across the membrane,
communicate between the cell and its environment and catalyze chemical reactions [1-3].
Membrane proteins make up approximately 23% of the human proteome [4]. Membrane
proteins account for more than 60% of the targets of all FDA (Food and Drug Administration)
approved small molecule drugs [4]. Membrane proteins interact with membrane bilayer in
various ways including the form of single pass transmembrane, multi pass transmembrane,
lipid chain-anchored, Glycosylphosphatidylinositol (GPI) anchored, and membrane peripheral
proteins [5]. Several human dysfunctions, diseases and disorders are linked with abnormal
membrane protein functions caused by their mutations or misfolding. Detailed structural and
dynamic information of membrane proteins are crucial for understanding intermolecular
interactions, protein functions, and regulations [6-8]. Despite the clear biological importance
of membrane proteins, detailed information about these systems are lacking [9,10]. In recent
years, great efforts have been made in technological advancements in structural biology to
study membrane protein structures [11]. However, the overall proportion of membrane protein
entries in the Protein Data Bank (PDB) remains <4% [12]. This deficiency is due to difficulties
associated with protein expression and purification, and challenges associated with the
identification of lipid membrane environment that can closely mimic their native environment
[8,12,13]. Understanding the function of membrane protein needs the understanding of how
the protein interacts with lipid membrane environment. Membrane proteins are incorporated
into lipid bilayers in numerous different ways or orientations. The helical transmembrane
segment spanning the membrane bilayer width can have different lengths or it can be curved
in the middle of the membrane bilayers. They may cross the membrane at different angles,
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or form repeated loops. The helical region of the protein may stay
flat on membrane surface. The arrangement of different segment
of membrane proteins may cause some portion of the protein very
flexible while other highly hydrophobic during the interaction with
lipid membrane [5]. The transmembrane domains of membrane
protein play very active role in oligomerization and specifically
drive protein-protein interactions within the plasma membrane [4].
Our current understanding of structural dynamics and functional
relationship of membrane proteins is limited when compared to
that of soluble proteins. The major focus of membrane protein
researchers is to obtain functionally active membrane mimetic
systems and appropriate biophysical techniques of structure
biology to obtain higher quality of biophysical characterization
data on membrane proteins. A great effort has been made in
developing soluble membrane environments for membrane protein
biophysical studies. However, no membrane mimetic systems are
universally compatible to all membrane proteins as known up to
yet, and hence it requires costly and rigorous time-consuming
optimization process for incorporating membrane proteins in more
native membrane environment. Biophysical studies on membrane
proteins in present time utilize several membrane mimetic systems
including detergent micelles, bicelles, liposomes, lipodics, lipodisq
nanoparticles/SMALPs (Styrene Maleic Acid Lipid Particles)
depending on types of biophysical techniques employed. These
membrane mimetic systems have their own benefits and limitations.
Detergent micelles are very useful for solubilizing membrane
proteins outside of their native bilayer environment utilized for
their biophysical characterization. However, it is very difficult to
examine whether the biophysical information obtained on protein-
detergent micelle system reflects its biologically functional state.
Bicelles are artificial lipid bilayers obtained by mixing long chain
lipid and a short chain detergent. However, it is difficult to find
the universal lipid and detergent combination that can be applied
to most of membrane protein systems for biophysical studies.
Liposomes are used to maintain the native membrane environment
for biophysical studies of membrane proteins. An illustrative
example of the incorporation of an integral membrane protein
Phospholamban (PLB) into lipid bilayers is shown in (Figure 1).
The heterogeneous nature and larger size restrict their application
to certain biophysical techniques including NMR spectroscopy [14].
It is also difficult to concentrate proteins into liposomes resulting
in poor signal-to-noise in biophysical spectral measurements [11].
The another choice of membrane mimetic systems is the membrane
scaffold protein based nano disc having no limitation of lipid types
[15-17]. Nanodisc is recently very popular in biophysical studies of
membrane proteins. However, the presence of scaffold protein may
affect the optical properties of the target proteins. An emerging
membrane mimetic system, known as lipodisq nanoparticles
or styrene maleic acid lipid nanoparticles (SMALPs) has been
rapidly gaining popularity in enhancing the biophysical studies
of membrane proteins [13,18-30]. Lipodisq nanoparticles are
formed by combining Styrene Maleic Acid (SMA) copolymer and
phospholipids in detergent free environment which can maintain
structural and functional properties of membrane proteins which

is very challenging for traditional membrane mimetics. Lipodisq
nanoparticles are appropriate for several biophysical approaches
including NMR and EPR spectroscopic techniques [31,32].

Figure 1: Cartoon representation of an illustrative example
of a membrane Protein Phospholamban (PLB) (PDB ID:1FJK)
[31] incorporated into lipid bilayers (POPC/POPG). Image
was prepared using Visual Molecular Dynamics (VMD) [32]
and molecular modeling was performed using CHARMM-
GUI (www.charmm-gui.org).

In recent years, tremendous improvements have been made
in technical and methodological aspects of structural biology
approaches for studying membrane proteins. Due to challenges
associated with membrane protein sample preparation in
functionally active lipid membrane environment, application of
biophysical methods are limited for membrane protein studies
[30,33-38]. Some of the popular biophysical techniques used to
study membrane proteins include X-ray crystallography, Nuclear
Magnetic Resonance (NMR) spectroscopy, Forster Resonance
Energy Transfer (FRET), Cryogenic Electron Microscopy (Cryo-EM),
and Electron Paramagnetic Resonance (EPR) spectroscopy. These
biophysical techniques have their own advantages and limitations.
X-ray crystallographic technique is used to obtain high quality
three-dimensional structural data on membrane proteins but
cannot provide information on their dynamic properties [39,40].
The challenges introduced in crystallization of membrane proteins
also limit the application of this technique to many membrane
proteins [41]. NMR spectroscopy is used to probe structural and
dynamic properties of membrane proteins in a physiological
condition, but this technique is limited by the larger size of protein-
membrane complex (>~50 kD) [41-44]. Additional challenges
using NMR techniques for membrane protein studies are caused
by the wider spectral linewidth and spectral overlapping, and the
requirement of a large amount of highly pure and properly folded
membrane protein samples to obtain high resolution structural
data [33,37,45,46]. Another technique for studying conformational
changes of membrane proteins system is a probe based Forster
Resonance Energy Transfer (FRET) technique [47]. The use of
larger probe size in this technique may induce higher structural
perturbation. Also, the incorporation of the FRET probe at the
specific site of the membrane protein sequence is very challenging
[48]. Cryogenic Electron Microscopy (Cryo-EM) has been rapidly
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growing as a powerful structural biology tool for probing three-
dimensional structure of membrane proteins at near-atomic
resolutions [49,50]. Cryo-EM technique needs very small amount
of samples with no requirement of protein crystallization removing
limitations of X-ray crystallography and NMR spectroscopy [49].
The resolution of this technique is significantly low for the lower
size membrane proteins (<~50 kDa) limiting its application to
many membrane proteins [51]. A recent example of using Cryo-EM
is a study of Escherichia coli lipid transporter MsbA and Escherichia
coli mechanosensitive channel MscS reconstituted into peptidiscs
[52]. Angiulli et al. [52] utilized Cryo-EM microscopy to obtain a
4.2 resolution structure of MsbA reconstituted into peptidisc that
revealed that the peptidisc preserves the native conformation of
MsbA as well as its interaction with its Lipopolysaccharide (LPS)
cargo [52]. Similarly, a 3.3A° resolution structure of the homo-
heptameric mechanosensitive channel MscS reconstituted into
peptidisc was also determined [52]. Their results suggested the
arrangements of the peptidisc peptides around MsbA and MscS
are very different. This study further revealed the structural basis
for how the pseptidisc scaffold can adapt to membrane proteins
of different sizes, shapes and symmetries. Electron Paramagnetic
Resonance (EPR) spectroscopy has been emerged as a rapidly
expanding powerful structural biology tool to overcome these
limitations and provide prominent structural and dynamic
information on membrane proteins [7,8,30,48,53-55]. EPR
spectroscopy in association with Site-Directed Spin Labeling
(SDSL) can provide structural dynamics of nitroxide side-chain,
solvent accessibility, solvent polarity, and intra- or intermolecular
distances between two nitroxide spin labels on membrane proteins
[7,8,30,56,57]. The flexible nature of the spin label used in EPR
spectroscopy has made possible to incorporate spin labels at nearly
any specific site of protein sequence without any size restriction.
Despite the great benefit of SDSL EPR spectroscopy over other
biophysical techniques, a care should be taken while selecting
spin labeling sites for the study, because the incorporation of
certain kind of spin labels may cause structural and functional
perturbations. A recent example of using EPR spectroscopy is
the investigation of a biologically important membrane protein
Pinholin S?! (a class-II holin, encoded by the S* gene of phage
®21) in DMPC (1,2-dimyristoyl-snglycero-3-phosphocholine)
proteoliposomes [58]. Ahmmad et al. [58] utilized five sets of
inter label DEER distances measured between transmembrane
domains 1 and 2 (TMD1 and TMD2) of both the active and inactive
forms of pinholin S*' using the four pulse DEER technique of
EPR spectroscopy as experimental DEER distance restraints in
combination with the simulated annealing software package Xplor-
NIH to predict structural models of the active pinholin (S?'68) and
inactive antipinholin (S*'68,,.).

Conclusion

In conclusion, membrane proteins are very important
biological systems essential for the survival of living organisms.
Despite the challenges associated with sample preparation in
functionally relevant native membrane environment, a tremendous
progress has been made in developing membrane environments

compatible with biophysical approaches for studying membrane
proteins. The technical and methodological advances in the
biophysical approaches enable researchers to answer pertinent
biological questions associated with several important complicated
membrane protein systems. Although greatachievements have been
made recently, several research areas of membrane proteins still
need to be taken attention, such as technical and methodological
developments in improving the bacterial expression yield of the
membrane protein, stabilization and sulubilization of membrane
proteins in more native like environments.
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