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Abstract: In eukaryotic cells, membrane proteins play a crucial role. They fall into three categories:
intrinsic proteins, extrinsic proteins, and proteins that are essential to the human genome (30%
of which is devoted to encoding them). Hydrophobic interactions inside the membrane serve
to stabilize integral proteins, which span the lipid bilayer. This review investigates a number of
computational and experimental methods used to study membrane proteins. It encompasses a variety
of technologies, including electrophoresis, X-ray crystallography, cryogenic electron microscopy (cryo-
EM), nuclear magnetic resonance spectroscopy (NMR), biophysical methods, computational methods,
and artificial intelligence. The link between structure and function of membrane proteins has been
better understood thanks to these approaches, which also hold great promise for future study in
the field. The significance of fusing artificial intelligence with experimental data to improve our
comprehension of membrane protein biology is also covered in this paper. This effort aims to shed
light on the complexity of membrane protein biology by investigating a variety of experimental
and computational methods. Overall, the goal of this review is to emphasize how crucial it is to
understand the functions of membrane proteins in eukaryotic cells. It gives a general review of
the numerous methods used to look into these crucial elements and highlights the demand for
multidisciplinary approaches to advance our understanding.

Keywords: membrane proteins; electrophoresis; X-ray crystallography; nuclear magnetic resonance;
computational techniques; artificial intelligence; atomic force microscopy; cryo-electron microscopy

1. Introduction

All eukaryotic cells are surrounded by a cell membrane that separates and protects
their internal environment from the extracellular environment. This membrane is constituted
of phospholipids, cholesterol, glycolipids, and proteins. Membrane proteins are encoded
by 30% of the human genome [1,2]. The proteins exist in a variety of shapes and sizes [3]
and can be classified according to their positions in the cell membrane into 3 categories:
integral proteins, extrinsic proteins and intrinsic proteins. The integral proteins span the lipid
bilayer and are stabilized within the membrane by hydrophobic interaction and within the
aqueous compartments by hydrophilic interactions. The extrinsic proteins bind to the outer
hydrophilic leaflet of the bilayer and interact with other proteins or lipids via electrostatic
interactions, whereas the intrinsic proteins are imbedded within the lipid bilayer, interacting
only with its hydrophobic portion [4]. The membrane proteins play vital physiological roles
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necessary for the survival of the cells, according to which they can be further classified
into channels, transporters, pumps, enzymes, cytochromes P450 (CYPS), G-proteins-coupled
receptors (GPCRS) and many more. The channels and the pores control the permeability
as well as the exchange between the cell and its surroundings [5]. Ion channels control the
passage of several ions in and out of the cells, regulating several physiological functions such
as electrical signaling in the heart and nervous system, fluid secretion in the lungs, kidneys,
gastro-intestinal (GI) tract, hormones secretion, immune response, bone remodeling and tumor
cell proliferation. A wide number of diseases affecting the cardiovascular, nervous, metabolic,
respiratory as well as other systems, are related to ion channel dysfunction. Therefore, ion
channels are being targeted by many pharmaceutical drugs, aiming to cure ion-channels
related disorders [6]. Membrane-embedded transporters are another type of membrane
proteins that essentially contribute to the uptake of nutrients by the cells and to the removal of
any unwanted substances, while conserving the physiological concentrations of the molecules
in the cells. Certain diseases such as obesity and cancer can be traced back to defects in
membrane transporters. Therefore, the development of therapeutic drugs that target them
relies partially on understanding their mechanism of function. Another important function
carried by the transporters is the delivery of drugs into the cells or across membranes or
barriers, such as the blood-brain barrier, which emphasizes on the importance of their role
in drug therapies [7]. The Na*/K* pump is also an example of membrane proteins that
transport sodium and potassium against their concentration gradient. It is involved in several
physiological mechanisms related to the cardiac and nervous systems among others, and in
the activation of signaling pathways that regulate cell growth. This pump is the target of
several researches that aim to understand the physiological mechanism behind its function,
leading to the development of specific therapeutic drugs [8]. Membrane bound enzymes
constitute a large portion of the intracellular enzymes. They are involved in translocation,
information transfer, and in acting on neighboring proteins and molecules. Their diverse
functions make them the target of half of the medical drugs [9]. GPCRs are receptors located
on the plasma membrane. When a G-protein binds to its receptor, it initiates downstream
signaling cascades, that lead to the activation of biochemical pathways. They are present
on various cell types, in multiple tissues and organs, where they regulate diverse cell and
tissue specific physiological functions, such as cell signaling, cell division and proliferation,
signal mediation from receptor tyrosine kinases and more. Defects in GPCRS are associated
with impaired motor coordination secondary to cerebellar development, defective platelet
activation, cardiac malformation, craniofacial defects, and hyperparathyroidism [10], which
makes their study crucial for the understanding of disease mechanisms as well as for the
development of the necessary therapeutic agents. Another example is the CYPs which are
monooxygenases, involved in several reactions, that end up either activating prodrugs or
enhancing their clearance and excretion by the kidneys. Comprehending their function is
especially crucial in the study of cancer drugs, since the catalytic activity of CYPs enhances
drug clearance, and reduces their efficacy as a result [11]. The wide range of membrane
proteins and their participation in numerous essential physiological processes [1,12], coupled
with the association of their malfunction with various diseases [2], as well as their involvement
in viral and bacterial infections, virulence, and antimicrobial resistance [13], highlights the
critical significance of studying their structures and functions. This research is particularly
crucial for the development of drugs that specifically target membrane proteins [12], aiming
to enhance therapeutic advancements.

The function of membrane proteins depends on several factors including their con-
formation, their specific location in the lipid bilayer, and their specific interaction with
other proteins and lipids [1]. All these factors should be considered while studying protein
function. The protein function is strongly linked to its structure [7]. The native structure
of a protein is determined by the sequence of amino acids in its polypeptide chain, and is
stabilized by an interaction between several forces that include covalent bonds, hydrogen
bonds, and other attractive/repulsive forces (e.g., electrostatic forces, Van der Waals forces,
etc.) [14]. Proteins acquire new functions due to evolutionary changes in their amino acid
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sequences. Certain mutations in specific amino acid sequences of proteins, that translate
into a change in structure, consequently translate into a change in function, which can
be a loss of function, a change of function or a gain of function in some cases [7]. While
identifying the protein structure is essential, it may not provide a complete understanding
of its molecular function. To gain deeper insights into the mechanisms of protein function,
it is crucial to ensure the preservation of correct folding in membrane proteins during ex-
traction and studying them within an environment that closely mimics their physiological
conditions. By taking these factors into account, a more comprehensive understanding of
the mechanisms underlying their function can be achieved [15]. Experimentally determin-
ing the structure of membrane proteins has been proven to be more difficult compared to
that of other proteins [16]. Membrane proteins are insoluble in water, so they need to be
solubilized using detergents that denature them, whereby changing their natural 3D con-
formation [17]. Transmembrane proteins are physiologically present in a lipid environment
and interact with its components, which is required for their function [18]. Solubilizing
the membrane proteins during extraction changes their native environmental conditions
and results in an irreversible disruption of their structure [19]. Similarly, a large amount of
membrane proteins is required to be able to characterize them, along with other practical
problems that accompany the purification techniques [2].

Thus, the objective of this review is to comprehensively explore the various techniques
and methods (summarized in Figure 1) employed in the study of membrane proteins with
the aim of enhancing our understanding of their structure, function, and dynamics. By
examining a range of experimental and computational approaches, we seek to provide in-
sights into the intricacies of membrane protein biology. The review will encompass an array
of techniques, including but not limited to electrophoresis, X-ray crystallography, cryogenic
electron microscopy, nuclear magnetic resonance spectroscopy, biophysical techniques,
and computational methods. Through an evaluation of these diverse methodologies, we
aim to highlight their contributions, limitations, and potential synergies in advancing our
knowledge of membrane proteins. This comprehensive assessment will serve as a valuable
resource for researchers, guiding them towards the most effective strategies to unravel the
complexities of these crucial biomolecules.
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Figure 1. Graphical summary of the common techniques used for the detection and characterization
of membrane proteins.

2. Techniques and Methods Used for Protein Analysis
2.1. Separative Techniques
2.1.1. Electrophoresis

Electrophoresis is the separation of biological compounds, under an electric field, such
as DNA, RNA, and proteins based on their charge and size [20]. This technique is vastly
utilized in laboratories for multi-disciplinary fields such as forensic sciences [21], conservation
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biology [22,23], molecular biology [24], and medicine [25,26]. There are numerous types of
electrophoresis methods with different components, however, when it comes to the separation
of membrane proteins, some electrophoreses methods have been deemed the convention while
others fall short because of their limitations sine they can present the difficulty in studying
hydrophobic proteins, or being unfit for the analysis of oligomerized protein, or even time
consuming and need specialized equipment, or even because of being inefficient.

2.1.2. Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis or SDS-PAGE

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis is employed to separate
membrane proteins based on their molecular weight [27]. With the use of SDS lysis buffer
and polyacrylamide gel, the factors of charge and shape no longer contribute or influence
this test’s findings, as SDS is a solubilizing detergent that denatures the proteins, coating
them with a negative charge along their length [28]. Hence, all proteins will share the same
charge and through the denaturing step will also have the same shape. This makes molecular
weight the sole differentiating factor. With stains such as colloidal Coomassie blue [29],
the migration can be observed and can be compared with a reference molecular ladder to
determine molecular weight. This was implicated in the purification peripheral membrane
protein FAM92A1 [30]. However, this method is rarely used on its own. It is coupled with
other techniques, such as the Enzyme-mediated activation of radical sources (EMARS) reaction
which found host cell membrane proteins near the spike protein attachment site of SARS-CoV-
2 [31] and mass spectrometry for the study of membrane protein present in the extracellular
vesicles of carbapenem-resistant Klebsiella pneumoniae [32], and in complementarity with
Two-dimensional gel electrophoresis coupled to mass spectrometry (2DE-MS) [33].

2.2. Dimensional Electrophoresis (SDS-PAGE/Isoelectric Focusing)

In proteomics, molecular biology, and dimensional electrophoresis, this technique,
commonly dubbed 2D electrophoresis, is a flexible and frequently used method. It combines
the isoelectric focusing (IEF) and SDS-PAGE separation techniques to enhance resolution
and separation of complicated protein mixtures. Moreover, this method is useful for detect-
ing protein post-translational modifications (PTMs) and differentiating protein isoforms.
Thus, this method employs two approaches: the first is the isoelectric focusing that incite
separation based on isoelectric points of the proteins (pI), and the second is the conven-
tional aforementioned SDS-PAGE to account for their molecular weight [34]. In isoelectric
focusing (IEF), a pH gradient is established using immobilized pH gradient (IPG) strips,
where proteins are placed in a gel matrix and subjected to an electric field. The proteins
migrate through the gel until they reach the pH region that matches their respective pl
values, at which point they become electrically neutral and stop migrating. In the second
approach, these proteins are denatured using sodium dodecyl-sulfate (SDS) and subse-
quently separated on SDS-PAGE based on their molecular size. After arranging the strips
on the gel and applying an electric charge, protein migration begins from the IPGs to the
gel, leading to the separation process. The use of stains such as Coomassie Blue and silver
nitrate helps visualize protein migration path [35]. This technique was proven useful in
the study of erythropoietin analogs Epotin, Hemax and Jimaixin identifying differences
in their structure from main drug Eprex [36]. This has also been used to study membrane
proteins of several bacteria: E. coli [37], Salmonella typhimurium [38], Edwardsiella tarda [39],
Shigella flexneri [40], Leptospira interrogans [41], Riemerella anatipestifer [42], and Campylobacter
jejuni [43], with more recently adding Klebsiella pneumoniae to the list with the addition of
zwitterionic detergent Zwittergent Z 3-14® to further aid solubilization [44].

2.2.1. Dimensional Electrophoresis (16-BAC/SDS-PAGE)

This technique has been adapted to tackle the shortcomings of the IEF/SDS-PAGE.
It enhances the solubility and recovery of the highly hydrophobic membrane proteins
in comparison with the conventional 2D IEF/SDS-PAGE, as well as the low-pH envi-
ronment which has been aided in the preservation of the unstable methylation of basic
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proteins [45]. This has been used to successfully separate membrane proteins of Plas-
modium falciparum-infected erythrocytes, with the help of cationic detergents such as
benzyldimethyl-n-hexadecylammonium chloride (16-BAC) [46]. It has also served in the
electrophoresis of mitochondrial membrane proteins of low molecular mass [45]. With the
use of this procedure, protein-rich samples may be analyzed at high resolution.

2.2.2. Blue Native PAGE

Blue Native PAGE, or BN-PAGE, is a strategy used to study proteins in their native
biological state. This technique particularly has a great value in studying membrane proteins,
as it allows the analysis of membranes in subcellular segments, without subjecting them to
denaturing agents and altering their biological composition. These segments are isolated and
suspended in carbohydrate or glycerol-rich buffer, then frozen and solubilized with a non-
harmful detergent to undergo polyacrylamide gel electrophoresis [47]. Thylakoid membrane
complexes of Arabidopsis chloroplasts were studied and separated using BN-PAGE, allowing
the observation of their dynamic states [48]. This routine opens doors for vast utilization in the
field of proteomics, especially in the domain of membrane complexes. For instance, it was used
in the study of stability of mitochondrial respiratory complexes at different temperatures [49].
Similarly, the separation of heart mitochondrial respiratory complexes in mouse models was
performed with BN-PAGE, to then be coupled with mass spectrometry [50].

2.2.3. Capillary Electrophoresis

This electrophoresis technique separates substances based on the correlation between the
speed of an ion in motion and its charge-to-size ratio [51]. It offers excellent separation efficiency
and high resolution for the analysis of a wide range of compounds, including small ions, polar
molecules, proteins, peptides, and nucleic acids. Capillary electrophoresis (CE) is based on
the principle of electrophoretic migration of analytes through a narrow capillary filled with
an electrolyte solution, driven by an electric field. The separation is achieved by exploiting
differences in the analytes” electrophoretic mobility, which is influenced by their charge, size,
and shape. This technique provides numerous advantages, such as short analysis time, low
sample and reagent consumption, and the ability to analyze complex samples. Moreover, CE
can be coupled with various detection methods, including UV-Visible spectroscopy, fluorescence,
mass spectrometry, and electrochemical detection, enhancing its versatility and applicability.
This method has been used to study the membrane proteins of bacterial strains of Pseudomonas
upon antibiotic treatment [52], as well as to quantify membrane proteins of Chinese hamster
ovary cells by GFP tagging [53]. Extracellular vesicle membrane protein CD63, a member of
the tetraspanin family, was targeted using capillary electrophoresis immunoassay coupled with
laser-induced fluorescence [54], further proving its versatility.

2.2.4. Free Flow Electrophoresis

Free flow electrophoresis (FFE) is an innovative and versatile separation technique
that has emerged as a powerful tool in various scientific disciplines. It offers efficient and
rapid separation of complex mixtures of biomolecules, such as proteins, nucleic acids, and
cells, based on their charge, size, and surface properties. FFE utilizes thin liquid films that
does not denature the membrane proteins [55,56]. It entails the centrifugation of cell lysates
to obtain an intricate mixture of membranes operates, then subjecting the sample to an
electric field while it flows through a thin flow channel, enabling the separation of analytes
in a continuous manner [55]. This technique provides unique advantages, including
high separation efficiency, minimal sample loss, and the ability to process large sample
volumes. FFE has found applications in diverse fields, including proteomics, genomics,
drug discovery, and biotechnology. This technique has been successfully used for the
isolation of plant organelles such as the mitochondria and plasma membranes [56,57]. It
was also used to study the interactions of membrane protein (AQP0) and calmodulin [58].

To enhance clarity and comprehension, we have condensed the information from this
section into Table 1 below.
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Table 1. Table summarizing separation techniques.
Separation and Analysis
Technique Description Advantages Limitations References
° Straightforward and rapid =~ ® Does not preserve the
° Cost-efficient prote.m in its native state
SDS-PAGE Separation method M Visualized with staining * Etrr(:gtiise gig?ynggz;abom
Sodium dodecyl-sulfate allowing protein . Can be paired with Difficulties in studvi [27-29,59-61]
gel electrophoresis separation by mass immunoblotting for * Hicuiies m stucyng
further analysis hyd.rophoblc proteins
and identi fig]ation . Unfit for the analysis of
oligomerized protein states
. Time consuming
and demanding
. n e Usedand tested vigorously =~ ®  Proteinsare in the
2-Di ional Tecgglsqlﬁig)én blgmg * Highly reproducible . ﬁ?gl?grﬁc}lrgtraotghobic protein
-Dimensiona - an d i
g]l)esctll;oApggreig; I}foelectric .foatsingdfor . ia-?i gﬁo ;sgz)sliti on separation ;/%géega:ioq altCl the.itrhpﬁ' N [34,35,62,63]
e mame, "¢ Rellsson two parameters - * [ (RI0E G T
. Visualized with staining [EF & equilibration
o Less efficient for low
abundance proteins
. Conditions favor
unstable proteins
This combines SDSPAGE # - High solubility and *  Longer dufation
. . and the use of the recovery o of electrophoresis
1%1- Dltmerﬁ;wna} 16-BAC cationic detergent hydrophobic proteins e Decreased protein stacking 34,45 64 65
a 6-BeACCr7§D(S)f1e’XSGE) with a separationbased e  Compatible with low e  Added steps and complexity [34,45,64,65]
on charge and molecular mass proteins e  Theneed for
hydrophobicity . Minimal losses specialized equipment
e  Highly reproducible
. High loading capacity
e Simple with quick results
. Highly sensitive
. Requires little
sample amounts . .
. Proteins are in their . Incompatible with
native state ﬂuorescer}ce detection due to
While preserving e  Permits study of dynamic Coomassie blue dye
. proteins’ native state, protein states at . Influenced by interactions
BlueBl\I\IIa%[\geGI]’SAGE this protocol is used to high resolutions between proteins, lipids, [47,48,66-69]
(BN- ) study and isolate e  Canbe used to test and detergent
membrane proteins. detergents for o Limited resolution between
crystallization of protein complexes of similar
membrane proteins molecular weight.
. Can be paired with other
techniques such as in-gel,
immune-detection, and
mass spectrophotometry
. : . Low loading capacity
. Wide range analysis sk of:
. High resolution ° Risk of: . . .
- B . Short analysis time . Adsorphon t0.51hca capillary
Canill An analgtma ﬁnethg e Limited consumption inner wall which
Electigl haorr}:esis rsci};iarf: I;I;geii grigt;eir of samples e  Signal suppressionyor [70-74]
P P . e . Complex sample analysis Lo PR
electrical mobility. . May be coupled comigration in the case of
with miscellaneous cDomplex systems
detection methods . egradation of proteins due
to high temperature
. . . Proteins are not denatured .
This te.chmque analysefs a e Fast continuous separation * izr;ﬂf;;ft;?e lsftrlziifteegles
continuous stream o Hich ti ffici P -
Elelzl’crsgp}:}{grésis proteins on a channel : Mliiini}l):;;;)lr:e Toslg ensy and efficiency . [55,75-77]
with an electric field e Large sample . B.ubl.ales from electrolysm
perpendicular to the flow. e  Limited by Joule heating

volume processing
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2.3. Techniques for Characterization and Structural Analysis

Characterization and structural analysis of a membrane protein in their native form is
crucial for identifying the properties, understanding their biological mechanism as well as
essential in drug discovery. Although many challenges are faced when identifying these
integral membrane proteins, numerous techniques have been used in order to analyze
them: Crystallography, Cryogenic Electron Microscopy and Nuclear Magnetic Resonance
(NMR) spectroscopy. Each of these has its own advantages and disadvantages.

2.3.1. X-ray Crystallography

Crystallography is one of the most famous techniques used to identify 3D structure of
proteins [78]. It is based on the formation of molecular crystals and then with using one of
several methods to determine the structure of the protein. Each of these methods have its
own advantages and limitations, for instance, we can use X-ray crystallography, electron
crystallography or neutron crystallography [79,80]. X-ray crystallography is the primary
procedure utilized to analyze and attain a comprehensive understanding of protein struc-
tures at near atomic or even atomic resolution [81]. It relies on the generation of electron
density maps that illustrate the shape and structure of the crystallized macromolecules.
The crystals should have adequate dimensions for the X-ray diffraction measurements in
order to obtain clear pictures [82].

This technique has been used for decades and has undergone a lot of advancements,
but still suffers from many limitations especially in the crystallization phase [83]. For
instance, the crystallization of membrane proteins takes a lot of time and effort [84], in
addition to the inability to form large, well-ordered crystals [83]. Many crystallization
techniques were developed to overcome this constraint, such the use of lipidic cubic
phase (LCP) which provides a more native-like environment for crystallizing membrane
proteins [85,86]. This has led to the identification of many structures like the channel
rhodopsin light-gated cation channel [87].

Furthermore, the X-ray radiation that the crystals are exposed to is an important
challenge in X-ray crystallography, compromising the quality of the collected data. This
have been overcome by formation of large crystals, but this isn’t always feasible without
compromising the quality of the crystals [88]. A new more improved method is now being
used called X-ray free electron lasers (XFEL) which deliver extremely short and intense
X-ray pulses, these pulses are so brief that they can minimize radiation damage [89]. XFELs
are also effective in the advancement of Serial Femtosecond Crystallography (SFX), which
is a revolutionary technique for studying the structure of membrane proteins. In SFX,
crystals are continuously delivered into the XFEL beam, and each crystal is destroyed after
a single X-ray pulse. This approach significantly reduces the effects of radiation damage
and enhances data quality [90]. For instance, using Time-Resolved Serial Femtosecond
Crystallography (TR-SFX) researchers were able to unveil the dynamic structures of diverse
microbial rhodopsins. and that these rhodopsins serving as either pumps or channels, share
common characteristics in their conformational changes triggered by light excitation [91].

Another limitation is the failure to experimentally visualize hydrogen atoms. As a
matter of fact, the visualization of hydrogen atoms in X-ray crystallography of proteins is
essential for accurate atomic modeling because it enables the validation and improvement
of the atomic model, offers insights into the protein’s hydration shell, and promotes the
rational structure of ligands interacting with the protein’s active site. This can be overcome
by using neutron protein crystallography to visualize and identify the positions of hydrogen
and deuterium [92,93]. To demonstrate this, researchers used neutron crystallography to
determine the hydrogen atom positions within the lecb/Ca/fucose complex situated in the
membrane of P. aeruginosa [94]. Furthermore, this technique has been applied to uncover
the hydrogen atom arrangement in metalloproteins, helping in the comprehension of
diverse protonation states and intricate hydrogen-bonding network [93]. The challenges
of low solubility, post transcriptional epigenic modification, and insufficient detection of
chemical heterogeneity also pose limitations for X-ray crystallography [78]. For instance,
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the existence of multiple conformational states within a sample may inhibit the formation
of crystals, and even if heterogeneous molecules were arranged in a crystal lattice, X-ray
crystallography can only identify and differentiate heterogeneity [78].

2.3.2. Cryogenic Electron Microscopy

Cryo-electron microscopy (Cryo-EM) is a technique that involves vitrification of the
purified protein sample with liquid nitrogen or liquid ethane. This leads to the creation of
a thin, amorphous ice layer containing the purified protein, enabling direct visualization
with a low-dose transmission electron microscope (TEM) operating at liquid nitrogen tem-
perature [95,96]. Cryo-EM can be used to determine the structure of isolated biomolecular
complexes, covering a wide range of molecular mass, spanning from small proteins to
large viruses and cells [96]. It commonly provides insights into proteins at a coarse level
of detail, around 4 A. In recent years, the Cryo-EM witnessed a “resolution revolution”
in EM through continuing progress enabling scientists to study some proteins with far
greater resolution [97]. For example, researchers were able to acquire the structures of
various protein complexes found in the membrane of P. falciparum at near-atomic resolution
(3.2 A) [98], PA28y was imaged at 2.82 A in resolution [99], Apoferritin reached 1.25 A[97],
and GABAa R was resolved to 1.7 A [100].

In addition, many challenges, which used to pose problems with other techniques
especially in the analysis of the structure of membrane proteins, have been overcome.
Cryo-EM is now able to distinguish heterogeneous complexes computationally [101], either
by focusing on the homogeneous parts of the complex [102], or by doing single-particle
cryo-EM and collecting the data of an ensemble of a heterogeneous ensemble of sub-
units [103,104]. The recent “resolution revolution” of cryo-EM has made it easier to identify
single pass transmembrane receptors (SPTMRs) like GPCR. This advancement has been
very helpful in characterizing GPCR proteins. Furthermore, the breakthroughs aided by
cryo-EM’s high-resolution, provide unmatched insights into the molecular interactions that
govern SPTMR activity [105]. Despite cryo-EM’s ongoing challenges in visualizing small
proteins with a molecular weight below 100 kDa [106], the structural analysis of GPCRs
(~40-50 kDa) remains at the limit of cryo-EM’s. However, cryo-EM is able to provide high-
resolution structural insights into GPCR complexes with heterotrimeric G-proteins [107].
With structural identification of the transmembrane peptides, containing the allosteric sites
of GPCRes, it becomes possible to design specific peptides that could potentially disrupt
and inhibit GPCR activity [108].

Cryo-EM has been particularly useful in determining bacteria’s multidrug efflux trans-
porters. It has successfully revealed the structural details of bacterial RND transporters,
offering prospects for designing structure-guided drugs targeted against the distinct con-
figuration of these transporters, intended for combating both multidrug-resistant (MDR)
and extensively drug-resistant (XDR) bacteria [109]. A representative case involves the
determination of RE-cmeb’s structure, a constituent of a specific bacterial multidrug efflux
pump in Campylobacter jejuni, using single-particle cryo-EM. The achieved resolution falls
within the range of 3.08 A to 3.39 A [110].

Another cryogenic technique called Cryo-electron topography (Cryo-ET) can be used
to visualize membrane proteins. This technique has the advantage on Cryo-EM is that
it surpasses the need of the purification and extraction process. Cryo-ET is able to study
membrane proteins and visualize them at a 3D level within the context of intact cellular
membranes [111]. However, the resolution of Cryo-ET is still limited unlike Cryo-EM
which as discussed before is now able to give the structure of membrane proteins at very
high resolutions [112].

2.3.3. Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) is a highly versatile and powerful technique
used across numerous scientific fields including biology. It also has vast applications in
medical and clinical settings for disease detection [113,114]. But NMR is mainly applied in



Molecules 2023, 28, 7176

9o0f23

order to acquire 3D structures of membrane proteins at an atomic resolution in their native
lipid bilayer [115], or in reconstructed near-native composition of the lipid bilayer [116].
It is based on the detection of different energy levels after applying a magnetic field on
an atom which has non-zero nuclear spins [117]. Not all nuclei are NMR active, the most
important are 'H NMR [113] and '3C NMR [118,119], but there are also other types such as
31P NMR [118] and PF NMR [120].

Unlike other methods, such as cryo-EM and X-ray crystallography [14,121] that only
gives static structures of proteins and encounter limitations when analyzing intrinsic disor-
dered proteins, NMR emerge as a powerful technique for the analysis and characterization
of these disordered protein. It is highly sensitive to the conformational dynamics of these
complexes [122], and the measurement of nuclear spin relaxation using NMR enables the
study of conformational dynamics [123].

There are 2 main types of NMR:

e  Solution NMR is a technique that is important to study proteins in solution. It’s used
to study membrane protein folding, interactions, conformational changes, and internal
mobility, in addition to ligand-substrate interactions [124]. One of its main limitations
is size, as it is particularly useful for studying small to medium-sized proteins. In
the past decades, it went form only detecting 10 kDa proteins in the 1980s to around
25-35 kDa in the mid-1990s [117]. Recent advancements in high-field magnets and
cryogenic probes, together with new sample preparation protocols and transverse
relaxation-optimized methods, have pushed solution NMR protein size limitations to
reach almost 100 kDa in some rare instances [117]. For instance, researchers were able
to detect conformational changes in the CLC membrane transporter (100 kDa) by using
a monomeric CIC-ecl variant (50 kDa) [125]. Solution NMR has also contributed to
the characterization of many integral membrane proteins [126]. These include Human
voltage-dependent anion channel (VDAC-1) [127], Bacterial outer membrane protein
G [128] and mitochondrial uncoupling protein 2 [129]

e Solid state NMR on the other hand, uses quick sample spinning or alignment to
produce excellent resolution in membrane proteins [130]. One of the main areas where
solid state NMR exceeds solution NMR is that ssNMR have no limitation on the size
of the protein [131]. For instance, ssNMR has allowed the study of the structure and
dynamic of BAM complex (200 kDa) in lipid bilayer [132].

Solid state NMR is in particular significance in the study of membrane proteins. This
is due to its ability to preserve the anisotropic nature of nuclear spin interactions, which is
crucial for studying these proteins embedded within a lipid bilayer. The immobilization
of polypeptides within the lipid bilayer timeframe aligns with the chemical shift and
dipolar coupling spin interactions [113]. However, solely focusing on the studying of a
protein’s anisotropic interactions is insufficient to gain a comprehensive understanding. To
address the intrinsic anisotropic challenges of solid-state NMR, the application of magic
angle spinning (MAS) has emerged. Through MAS, a combination of both isotropic and
anisotropic interactions can be explored [133]. This approach facilitates the study of a
protein’s structure within its native environment, capturing lipid-protein interactions,
alongside the investigation of dynamic processes like conformational changes and ligand
binding in membrane proteins. This results in enhanced resolution and sensitivity [134].
To illustrate this, similar to cryo-EM, MAS ssNMR has been used to study the structure
and interactions of numerous GPCRs like rhodopsin, neuropeptide Y receptor and (32-
adrenergic receptor [135].

For improved clarity and understanding, we’ve consolidated the information from
this section into Table 2 presented below.
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Table 2. Table summarizing characterization techniques.

Characterization and Conformation

Technique Description Advantages Limitations References

Crystallography

Determines the structure
of protein crystals using
the diffraction patterns
collected by X-rays,
electrons, or neutrons.

Famous and
well-established technique.
Gives high-resolution
structures

Determines 3D structure at
near atomic or

atomic resolution.
Neutron protein
crystallography is used to
identify the positions of
hydrogen and deuterium.

Time-consuming and
labor-intensive process.
Difficulty in forming large,
well-ordered crystals.
Inability to visualize
hydrogen atoms.
Insufficient detection of
chemical heterogeneity.
Can'’t visualize proteins in
their native environment

[78,81,83,84,93,136]

Cryogenic electron

Visualizes high-resolution
protein structures by
imaging frozen samples
with an
electron microscope.

Doesn’t require
crystallization

Visualize and determine
the structure of a wide
range of molecular masses.
Preserves the native
structure of the

membrane protein.
Distinguish heterogeneous
complexes.

Limited resolution
compared to

X-ray crystallography.
Requires purified protein
samples and specific
expertise in

sample preparation.
Computationally

demanding to acquire a
3D structure

[96,101,103,104,137]

Nuclear Magnetic
Resonance (NMR)

Studies the nuclei in the
atoms of protein to
determine molecular
structure, dynamics, and
interactions.

Acquires 3D structures of
membrane proteins at
atomic resolution in its
native form.

Provides information on
conformational dynamics
and flexibility of proteins.
Can detect proteins in both
solution and

solid-state environments.

Requires isotopically
labeled protein samples.
Limited to smaller protein
sizes compared to cryo-EM
and X-ray crystallography.
Can study proteins in
isotropic or an anisotropic
environment depending
on the type of NMR.

[113,115,121-
123,138]

e Suitable for analyzing
intrinsic disordered proteins.

2.4. Biophysical Techniques

Many other biophysical techniques are widely used to study the structure of proteins.
In this section we will discuss the use of nanodiscs, Atomic Force Microscopy, Neutron
scattering, and patch clamp techniques in the characterization of membrane proteins.

2.4.1. Nanodiscs

Understanding the structure and function of membrane proteins is best achieved if
studied within native-like environments [139] since the traditional use of detergents for
the purification process has been shown to affect the normal folding, the stability, and
the interaction of the proteins with their surroundings [140]. In an attempt to overcome
the drawbacks of detergent use and to mimic the lipid bilayer’s natural environment,
lipid nano discs are recently being employed in the study of membrane proteins [139].
These naondiscs take advantage of the hydrophobic properties of the human high density
lipoprotein molecules HDL that are naturally found in the human lipid bilayer, and the
amphipathic properties of the helical human apolipoprotein-A1 [141]. The engineered
amphipathic protein creates a membrane scaffold protein MSP, looking like two belts
wrapping around a disk shape lipid bilayer via its hydrophobic amino acids, and exposing
its hydrophilic amino acids to the outside [139]. This allows the nanodisc to be suspended
in a solution while holding the protein in a native-like environment, which preserves
their natural folding, and therefore their active form [140]. In addition, this technique
proves to tolerate a wide range of temperatures, to resist vigorous shaking, and to provide
a transparent solution of thin consistency. It has shown resolution improvements in
techniques such as NMR spectroscopy and cryo-EM. For example, Nanodics and cryo-EM
have been used in the study of the ABC phospholipid transporter and in identification of
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the structure pf the 3a ion channel as part of the studies done for SARS-CoV-2. NMR also
took advantage of the nanosdiscs in multiple studies such as the study of the interaction
between cytochrome P450 with cytochrome b5 and NADPH in a lipid environment free of
any detergents [141].

2.4.2. Patch Clamp

As stated previously, channelopathies constitute the major cause of several diseases.
Understanding the function of ion channels is crucial for understanding the physiological
mechanism underlying many diseases and for developing appropriate drugs used in the
treatment of channel-related diseases and other diseases as well [142]. Patch clamp has been
considered the major technique for the study of the flow of ions through channels [142].
In this technique, a glass pipette with a narrow tip is attached and stabilized on a cell
membrane containing ion channels while ensuring tight contact. Then a suction force is
applied so that no ion can pass between the membrane and the pipette. When the channel
opens, the ions pass into the pipette and the flow is measured using an electronic amplifier
connected to the pipette [143]. This is the cell attached recording method. Other methods
exists such as whole cell patch and perforated vesicle which disrupts the membrane studied,
Outside-Out and Perforated Vesicle which uses solutions and investigate the effect of drugs,
Inside-Out Patch which records the cytoplasmic side of the membrane, and the Loose Patch
that is used in cases where the attachment between the pipette and the membrane cannot
be done tightly [143]. However, the most advanced patch clamp method is the automated
patch clamp which is considered a revolution in the field [144]. Instead of using one pipette
and applying it on a small portion of a cell membrane, APC uses cell suspensions and
planar multi-reading recording chip [144]. This allows multiple high-resolution recordings
to be done simultaneously [144]. This technique offers several advantages for research in
their studies of ion channels. It allows the researchers to change the intracellular solution
while proceeding with recording simultaneously, to work at a wide range of temperatures,
to record fast ion flows, to reduce the errors and noise induced using the traditional glass
pipettes, and to average the recordings detected from multiple cells, which overall improves
the accuracy of the measurements [144]. Automated patch clamp has been used in the
study of multiple channels such as TRP, voltage gated sodium channels, glycine receptors
among many others [144], as well as in the evaluation of new pharmaceutical products
such as the safety of cardiac drugs on the heart [142].

2.4.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) technique has several advantages such as, it can be
applied to visualize large proteins complexes at various conformational states [145], as
well as a simple sample preparation which can be used in air and liquid suspensions [146].
Regarding the structure of membrane proteins, AFM, which provides high-resolution
imaging and probing capabilities, is becoming a useful technique [147]. The importance
of AFM in clarifying the structural and functional characteristics of membrane proteins is
currently being brought into focus in research. AFM has been used, for instance, to examine
the conformational changes that membrane proteins undergo upon ligand binding and
provide details about their allosteric processes [148]. Further, the investigation of protein-
protein and protein-lipid interactions has been rendered available by AFM-based single-
molecule force spectroscopy, offering knowledge about the dynamic behavior and stability
of membrane protein complexes [149]. The nanomechanical properties of membrane
proteins have also been studied using AFM, indicating their elasticity, flexibility, and
response to mechanical stress [150]. These most recent improvements in AFM-based
methods have assisted in a deeper comprehension of the structure-function relationship of
membrane proteins and are extremely promising for further research in the area.
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2.4.4. Neutron Scattering

Neutron scattering can be enhanced to study different aspects of the proteins [151].
Techniques for neutron scattering have become effective methods for analyzing membrane
proteins and provide novel insights into their dynamics. It permits to understand how
membrane proteins behave in their natural lipid context, according to recent studies. In
order to better understand the structure, interfacial characteristics, and interactions between
proteins and lipids in lipid bilayers, neutron reflectometry has been used. The general shape,
size, and oligomeric state of membrane proteins have been determined using small-angle
neutron scattering (SANS) [152], providing an understanding of how they are assembled
and organized structurally. In addition, the dynamics and conformational changes of
membrane proteins have been studied using quasi-elastic neutron scattering (QENS) and
neutron spin-echo spectroscopy (NSE) [153], as well as internal movements and domain
dynamics. The structure-function connection of membrane proteins has recently been
better understood because of recent developments in neutron scattering methods, which
also show tremendous potential for further research in the area.

To enhance clarity and facilitate understanding, the information from this section has
been consolidated into Table 3 below.

Table 3. Table summarizing biophysical techniques.

Biophysical Innovation

Solubilizes membrane
proteins in aqueous media

Suitable for the study of
membrane proteins.

Provides a lipid bilayer of
known structure

and composition.

Solubilizes the proteins in a
thin and transparent solution.
Preserves the structure and

Uses replicas of the
membrane lipids

and proteins

Works In a nanoscale
May not accommodate

Nanodiscs while keeping them in a function of the large proteins. [139-141]
native-like environment. membrane proteins. Assembly and
Tolerates a wide range purification challenges
of temperatures. Costly production
Tolerates vigorous shaking. and usage
Used in drug discoveries
and in disease research
and therapeutics.
High resolution simultaneous
recordings of ion flows. o
Works atg a wide range Limited to the study
of channels
of temperatures. Equipment
Studies ion channels by ggzisits;lnclsifnts maintenance cost
Patch clamp studying the flow of ions Reveals channel kinetics Requires special [142-144]

through it.

and properties.
Records fast ion flows.

Reduces the possibility of error.

Used in drug development
and screening.

equipment.

Invasive technique

Risk of damaging the cell
Prone to electrical noise

Atomic Force
Microscopy (AFM)

Gives images and
characterizes the surfaces
of membrane proteins at
the nanoscale by scanning

a probe tip and measuring
forces between the tip
and sample.

Visualize large protein
complexes in multiple
conformational states in

real time.

Simple sample preparation and
can be used in air and

liquid suspensions.

Provides

high-resolution imaging.
Enables investigation of
protein-protein and
protein-lipid interactions.
Allows for studying the
nanomechanical properties of
membrane proteins.

Cannot provide detailed
internal

structural information.
Sample preparation and
imaging artifacts can
affect accuracy.

Requires specific expertise
in operating

the equipment.

Limited availability of
specialized AFM
equipment in some
research settings
Limited ability to study
dynamic processes

in real-time.

[145-147,149,
150,154,155]
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Table 3. Cont.

Biophysical Innovation

Neutron Scattering

e Requires specialized
. Provide insights into the depth facilities and. . .
of different aspects of instrumentation, including
a neutron source.

Uses a beam of neutrons big proteins. ) ° Complex data analysis
to determine the atomic . Allows for studying membrane and interpretation
structure, composition, roteins in their natural . X .
dynamics, and fnagnetic Fipid context ¢ Relatlvelg lower resolution [151,156-158]
’ ) . t
properties of e Able to study the dynamic and f)(t)}rz I; Eti;ihnio ues
membrane proteins. atomic position of ques.

. Requires careful
preparation of samples and
contrast matching for
optimal results.

hydrogen atoms
. Nondestructive technique

2.5. Computational Methods

Since each technique alone cannot give highly accurate data concerning the atomic po-
sitions, researchers have opted using computational methods in order to analyze different
aspects of the protein. A combination of these methods needs to be used in order to clarify
the structure and give a higher resolution 3D structure [159]. As a matter of fact, and in or-
der to fully understand the structure, dynamics, and functional characteristics of membrane
proteins, computational approaches have become necessary. Recent developments in com-
puter approaches, such as molecular dynamics simulations, have made it possible to study
the dynamics of membrane proteins at the atomic level, revealing information on their
flexibility and conformational changes. When experimental approaches are challenging,
the identification of membrane protein structures has been helped using homology model-
ing and de novo structure prediction algorithms. Furthermore, to examine protein-lipid
interactions that plays crucial roles in the function of these proteins, GPCRs for example,
and the organization of the membrane structure, molecular dynamics simulations proved
insightful, revealing the precise binding sites and processes influencing membrane protein
activity [160]. On the other hand, computational methods contribute to discovering protein
ligands. First, structure modeling, along with ligand and structure-based methods, help in
pinpointing potential ligands. Then, generating, and refining hit lists via database searches
and ligand docking are integral steps in discovering ligands. For instance, since GPCR are
extensively involved in cell signaling pathways, applying these computational methods
in finding new GPCR ligands, opens the door for drug discovery [161]. Additionally, the
prediction of membrane protein oligomerization has benefited from computational meth-
ods. Computational techniques that utilize known structural data on dimers, combined
with others that employ quantum mechanical methods to study the chemical interactions
between two GPCR monomers, yielded consistent and precise forecasts. These methods
can help identify undiscovered GPCR dimers and enhance our comprehension and con-
trol of GPCR oligomers in biological contexts. Furthermore, these insights could assist
experimental methods in determining GPCR oligomeric structures [162].

Softwares like phenix.refine (version 1.19.2-4158) [163], Qfit-3 (version 3.2.0) [164]
and Refmac (version 5.7.0009) [165] were created so that researchers incorporate the huge
amount of data collected from the mainly crystallographic methods such as X-ray crystal-
lography and Cryo-EM and transform the data into virtual images [164,166]. In conclusion,
our understanding of membrane protein structure and function has been greatly improved
by the combination of experimental evidence and computer modeling.

3. Artificial Intelligence at the Service of Protein Structure

Artificial Intelligence (Al) is a field of computer science that aims to create intelligent
machines that are capable of performing tasks normally requiring human intelligence, such
as learning, problem-solving, and decision-making [167]. Al systems can be designed to
carry out a wide range of tasks, including simple ones like recognizing patterns or sorting
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data, as well as more complex tasks like language translation [168]. Numerous industries,
including healthcare, science, banking, transportation, and entertainment, have used Al in
a variety of procedures. By automating processes, increasing productivity, and opening
up new possibilities, Al has the ability to completely transform many facets of our life.
The responsible and beneficial usage of Al technology, however, depends on a number of
crucial elements, including ethical concerns, transparency, and responsible development.

3.1. Application of Al

There are various methods available for creating Al systems, and we will discuss
a few of them. While decision tree systems offer a visual representation of decisions
and their possible outcomes in the form of a tree structure, rule-based systems explicitly
encode the rules that the system must obey [168]. Machine learning algorithms rely on
statistical models and data, making them particularly well-suited for tasks that require
adaptability and the ability to learn from the provided data [167]. Large datasets may be
used to train these algorithms, which can subsequently be used to generate predictions
or take action [168]. It proved unmatched superiority to human intelligence in many
fields, including strategic games like Chess and Go, in addition to other decision making
grounds [169]. Currently, it is evolving in a non precedented way, affecting our everyday
lives in various aspects including labor and daily life activities [170]. The enormous jump
in establishing self-driving vehicles exemplifies the potential of AI [171]. Among these
fields, Al has particularly proven its value in biology and healthcare. Automated learning
techniques are being applied in molecular biology to analyze tremendous amount of data
and build databases [172]. Pharmaceutical industries have taken advantage of the analytic
and predictive capabilities of machine learning to accelerate drug development by markedly
increasing the efficiency of clinical trials, resulting from a better model, conduction, and
analysis [173]. Genomics studies have also implemented deep learning algorithms to
process and analyze huge amounts of intricate datasets [174].

3.2. Al Methods in Biology

One of the most promising implications of Al in Biology is the emergence and rapid
development of Al systems, neural networks, accurately predicting protein structure
from its corresponding amino acid sequence, such as AlphaFold, RoseTTAFold and ESM-
Fold [175,176]. After its success at the Critical Assessment of Structure Prediction (CASP)
CASP13 in 2018 [177] and further domination in CASP14 in 2020, DeepMind released
AlphaFold2 source code to the public [178]. Numerous researchers have delved into the
creation of neural networks as a result of the advancements in this field. As seen in CASP15,
this has sped up the development of protein structure prediction tools. Additionally, the
use of these Al systems in their study has helped hundreds of research publications [179].

3.2.1. Alphafold2

Alphafold? is trained on a large dataset of experimentally sequenced proteins, tak-
ing into consideration geometric, physical, and evolutionary constraints affecting protein
folding. It runs on a complex system encompassing various steps in generating a predic-
tion. One of these steps is the generation of multi-sequence alignments (MSA) between
an unknown sequence and similar sequences from other organisms. In addition to that,
it employs transformers, tools that recognize patterns, enabling the system to take into
consideration interactions between distant amino acids. No key step was identified experi-
mentally, but rather every step in the system contributes a little in producing an accurate
prediction [178]. Alphafold2 predicted 98.5% of the human proteome with 58% of confi-
dent predictions and 36% of very high confidence, which is a remarkable step forward in
the field, since experimentally determined structures consist of 17% of the whole human
proteome [178].
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3.2.2. RoseTTAFold

RoseTTAFold modified Alphafold2 code, resulting in a neural network that takes
into account three aspects simultaneously: the patterns present in protein sequences, the
interactions between amino acids within a protein, and the potential three-dimensional
structure of the protein. Alphafold2 made more accurate predictions than RoseTTAFold,
despite RoseTTAFold accuracy. RoseTTAFold capacity to recognize and simulate multi-
protein complexes was, however, one of its benefits [180]. This led DeepMind to release
their own system precisely trained to predict multimeric protein structures, AlphaFold-
Multimer, which successfully predicted 72% of homomeric interactions, of which, 36% are
highly accurate, and 70% in heteromeric interactions, 26% predicted with high accuracy,
with likelihood for improvements in the future [181].

3.2.3. ESMFold

ESMFold model, which also took inspiration from Alphafold2, presents a system with
a different approach, where for example a large language model and disregarded MSA
generation are added. Hence, the required processing resources are drastically reduced,
and the speed of short sequence prediction is boosted by almost 60 times. However,
doing so meant compromising precision. The enhanced prediction speed was utilized to
carry out comprehensive structural analysis of proteins in metagenomics on a large scale.
617 million structures predictions from countless microorganisms were made, of which
225 million structures were predicted with high confidence, including proteins distinct
from any empirically determined structures, giving biologists insight into some of the most
unknown proteins [175].

3.2.4. Improvements

Although these Al systems have made great strides, they still need to be improved.
One restriction imposed by GPU memory constraints on the size of protein complexes
that may be predicted [182] may prevent broad use. Additionally, as the number of chains
in the complex rises, accuracy tends to decline [182]. One massive disadvantage is its
weakness in taking into consideration the effects exerted by the protein environment on
its structure, especially the lipid bilayer. Although it excels in predicting isolated soluble
proteins, it struggles in predicting membrane proteins [183]. Alphafold?2 also struggles in
performing some of its predictions, for example it cannot foresee uncommon conformations.
Ligand interaction and the conformational change therefore induced, the effects of pre-
trained model (PTM) on protein folding, in addition to intrinsically disordered proteins
(IDPs) containing partly structured sequences, and effects of mutations are all limitations
of alphafold2. In addition to that, it is unable to offer insight into protein dynamics and
stability [184]. However, applying experimental techniques, such as NMR, along with
alphafold2 would be especially valuable since they exhibit complementary characteristics
that enhance each other’s strengths and compensate for each other’s weaknesses [184].

To enhance clarity and facilitate understanding, the information from this section has
been consolidated into Table 4 below.

Table 4. Table summarizing Al techniques.

Artificial Intelligence

Technique Description Advantages Limitations References
“three-track” neural U Limited ability to predict
network developed by . Accurate predictions uncommon conformations
Baker lab, to predict the . Capacity to recognize . Struggles with
RoseTTAFold 3D structure of proteins and simulate membrane proteins [180]
from their amino multi-protein complexes . High computational

acid sequences power required
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Table 4. Cont.

Artificial Intelligence

Technique Description Advantages Limitations References
Weak in considering
protein’s environment
Deep learning-based Al Unable to prech?t .
developed b upcc.)mm.on.con Qrmatlons‘
system pead by Limited insights into protein
AlphaFold2 Deengc}llthaIt)accur ately 4 Highly accurate predictions dynamics and stability [178,184]
predicts t' e3 structgre High computational
of protelr}; from their power required
amino acid sequences Poor ability to recognize
and simulate
multi-protein complexes
An Alphafold model . Predicts multimeric protein Improvement potential
AlphaFold-Multimer t'rained to predict structures accurately Limitec.l insights in.t(? protein [181]
protein-protein complexes dynamics and stability
Al system developed by o L i
meta that predicts protein ~ ® EaStsf pliechctlon ISPeedl ) Sgrv:;;llzze\?\:is’tf;embrane
ESMFold2 structures using a large ¢ Lna es‘arge-sca’e a111a ysts proteins, limited insights into [175]
language model trained ® ower computationa rotein dynamics
i ower required p Y
on a massive dataset of p and stability
protein sequences.
4. Conclusions
The study of membrane proteins, including their structure, function, and dynamics,
is thoroughly summarized in the present work. In order to expand our understanding,
this review examines several experimental and computational methods used to study
membrane proteins and emphasizes the value of multidisciplinary approaches. This article
aims to shed light on the complexities of membrane protein biology by reviewing a variety
of experimental and computational methods. Overall, this insightful review highlights the
need of researching membrane proteins in order to understand their functions in eukaryotic
cells and is a useful resource for scientists trying to grasp the intricate workings of these
vital biomolecules.
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