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Preface

This Special Issue of Membranes, entitled “Membrane Proteins: Function, Structure, and

Dynamics”, discusses the recent progress in the studies of membrane proteins. The technical

approaches presented here will help us understand membrane proteins’ spatiotemporal dynamics

and physical properties. These studies provide new insights into the fundamental principles

underlying membrane proteins’ structure and physiological functions and could lead to the

development of new drug designs. This Special Issue contains seven articles, five reviews, and one

editorial. We express our gratitude to all authors and reviewers for their contributions.

Yosuke Senju and Shiro Suetsugu

Editors
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Editorial

Membrane Proteins: Function, Structure, and Dynamics

Yosuke Senju 1,* and Shiro Suetsugu 2,3,4,*
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Plasma and intracellular membranes are characterized by different lipid compositions
that enable proteins to localize to distinct subcellular compartments [1]. Many proteins
interact with cellular and subcellular membranes. These include transmembrane proteins
(TMEMs) (e.g., ion channels, transmembrane receptors, and transporters), which integrate
into lipid bilayers to transport molecules and ions across membranes, and peripheral
membrane proteins, which associate with membranes via electrostatic and/or hydrophobic
interactions by penetrating into lipid bilayers. These lipid–protein interactions determine
protein conformations and protein–protein interactions, which in turn precisely regulate
the localization and activation of molecular complexes at the respective membranes. These
signaling pathways are crucial for various cellular processes, such as membrane trafficking
and signal transduction. Membrane proteins have also been implicated in many diseases,
such as cancer and Alzheimer’s disease, and can be targeted for drug design; however,
given the complexity of the abundant lipid–protein/protein–protein interactions at mem-
branes, the exact molecular and cellular mechanisms underlying the structure and function
of membrane proteins remain unclear.

This Special Issue of Membranes, entitled “Membrane Proteins: Function, Structure,
and Dynamics”, discusses the recent progress in the studies of membrane proteins from
various perspectives, including cell biology, biochemistry, biophysics, structural biology,
and molecular dynamics (MD) simulations. These studies elucidate the structural and phys-
iological functions of membrane proteins, providing new insights into their fundamental
principles. A summary of these studies is as follows.

Kim et al. [2] studied the lipid-scrambling and ion-transport activities of human
TMEM16C isoforms. They found that, among the isoforms 1–3, isoforms 1 and 3 transported
phosphatidylserine (PS) to the outer leaflet of the membrane, whereas isoform 2 did not.
They also found that these results were due to the differences in the surface expression levels
of each isoform. The surface expression of isoform 2, which did not exhibit scrambling
activity, was approximately five times lower than that of the other two isoforms. Unlike
other TMEM16 proteins, TMEM16C isoforms did not show ion channel activity in flux
assays or electrophysiological recordings. Thus, they concluded that the N-terminus
of TMEM16C isoforms 1 and 3 determines whether they can translocate to the plasma
membrane and facilitate the scrambling activity of transporting PS to the outer leaflet.

Li et al. [3] focused on the dimerization of TMEMs in cancer immunotherapy. They
described the structures and functions of several TMEMs related to tumor immunity and
analyzed the binding properties and functions of these immune checkpoint proteins and
their receptors. They also discussed the regulation of TMEM dimerization and its potential
as a target for cancer immunotherapy. They believe that understanding the mechanisms
underlying TMEM dimerization will provide valuable insights into the development of
novel antitumor drugs.

Membranes 2023, 13, 904. https://doi.org/10.3390/membranes13120904 https://www.mdpi.com/journal/membranes
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Anosov et al. [4] studied the influence of pH and cytochrome c (cyt c) on the electrical
properties of asolectin bilayer lipid membranes. They found that acid phospholipids in
asolectin membranes can bind to cyt c. They measured differences in cyt c-induced surface
potential and found that as the pH decreased, the adsorption of cyt c molecules on the
surface of asolectin membranes increased although no increase in membrane conductance.
In contrast, the membrane conductance increased as the pH increased, indicating that these
two variables were directly proportional.

Rodrigues et al. [5] aimed to provide an in-depth characterization of the proteins
in the outer membrane of uropathogenic Escherichia coli (UPEC), with a focus on outer
membrane proteins (OMPs) and their role in antimicrobial resistance. They discussed
several OMPs were related to antimicrobial resistance. Fluoroquinolones and β-lactams
were the antibiotics most affected by OMP-conferred antimicrobial resistance. The authors
emphasized that the implementation of new strategies for administering antimicrobial
agents, the development of improved antimicrobials, protective vaccines, and specific
inhibitors of virulence and resistance factors are crucial in veterinary and human medicine
to address UPEC resistance to antimicrobial agents.

Dengler et al. [6] investigated the molecular basis for the cholecystokinin (CCK) action
of type 1 CCK receptor (CCK1R) positive allosteric modulator (PAM) ligands. Their findings
expanded our understanding of the structure–activity relationships of molecules with
tetracyclic scaffolds. They explored structural modifications present in 65 commercially
available analogs and conducted an analog-by-catalog expansion of the scaffold. They
eliminated the off-target effect observed in this scaffold while maintaining its activity as a
PAM of CCK1R in normal and high-cholesterol membrane environments.

Isu et al. [7] reviewed the binding sites of cholesterol within the structures of class
C G-protein-coupled receptors (GPCRs) and found that cholesterol is typically bound
between the transmembrane dimers of GPCRs and within the surrounding grooves of their
transmembrane helices.

Bykhovskaia [8] discussed MD simulations to investigate the pre-fusion protein–lipid
complex. The author discussed the dynamics of the SNARE complex between lipid bilayers,
interactions of synaptotagmin-1 with lipids and SNARE proteins, and the regulation of
complexin in the SNARE complex assembly that controls synaptic vesicle fusion.

Westra et al. [9] performed confinement analyses on simulated random walks and
trajectories that exhibited transient confined behavior by optimizing the parameters for
various experimental conditions. The authors also developed a tool to visualize confine-
ment areas in heat maps that allowed the spatial mapping of confinement hotspots relative
to subcellular markers. Using these optimized tools, they reliably detected the subdiffusive
behavior of different membrane components and revealed the different confinement prop-
erties of the two types of glutamate receptors in neurons. Their results provide a systematic
analysis of the influence of different parameters used for detecting temporal confinement
in single-molecule trajectories, and a visualization tool for mapping confinement zones in
the cellular context.

Selikhanov et al. [10] proposed a rational design approach for genetically engineering
the photosynthetic reaction center in Cereibacter sphaeroides by introducing disulfide bonds
between its α-helices. This modification increased the thermal stability and functional
activity of some mutants of photosynthetic pigment–protein complexes, while effectively
maintaining the photochemical charge separation ability of the genetically modified reac-
tion centers.

Radka [11] discussed the biochemical and biophysical advances in understanding
how interfacial enzymes involved in exogenous fatty acid (eFA) metabolism interact with
the membrane. The author aimed to provide a molecular mechanistic understanding of
how peripheral membrane proteins use conformational changes to precisely regulate their
activation, localization, and integration into the membrane, and how these protein–lipid
interactions contribute to enzyme catalysis.

2



Membranes 2023, 13, 904

Beltran et al. [12] revealed the functional properties shared between borate transporter
Bor1p in Saccharomyces cerevisiae and SLC4, including lipid-promoted dimerization, sensi-
tivity to stilbene disulfonate-derived inhibitors, the requirements of an acidic residue at the
solute binding site, and the conservation of disease-causing mutations.

Jasni et al. [13] aimed to identify and understand the protein structure, function, and
interaction of the biological membrane of Entamoeba histolytica upon the immune response,
which could contribute to vaccine development. Furthermore, they reviewed the current
development of vaccines targeting amoebiasis.

Collectively, the studies included in this Special Issue update our current knowledge
on the function, structure, and dynamics of membrane proteins. The technical approaches
presented here, such as single-particle tracking, structural biology, and MD simulations,
will help us understand the spatiotemporal dynamics and physical properties of membrane
proteins. These studies provide new insights into the fundamental principles underlying
the physiological functions of membrane proteins, such as GPCRs in cells and tissues, and
could lead to the development of new drug designs.
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Article

Investigation of Phosphatidylserine-Transporting Activity of
Human TMEM16C Isoforms

Hanggu Kim, Eunyoung Kim and Byoung-Cheol Lee *

Neurovascular Unit Research Group, Korea Brain Research Institute (KBRI), Daegu 41068, Korea
* Correspondence: lbc0523@kbri.re.kr

Abstract: Lipid scrambling is a rapid process that dissipates the asymmetrical distribution of phos-
pholipids in the plasma membrane. It is involved in various physiological functions such as blood
coagulation and apoptosis. Many TMEM16 members are recognized as Ca2+-activated phospho-
lipid scramblases, which transport phospholipids between the two leaflets of the plasma membrane
nonspecifically and bidirectionally; among these, TMEM16C is abundant in the brain, especially in
neuronal cells. We investigated the scrambling activity of three human TMEM16C isoforms with
different N-terminus lengths. After optimizing conditions to minimize endogenous scrambling
activity, an annexin V-based imaging assay was used to detect phosphatidylserine (PS) scrambling in
293T cells. Unlike previous results, our data showed that human TMEM16C isoform 1 and isoform 3
exposed PS to the cell surface. A surface biotinylation assay showed that the surface expression of
isoform 2, which did not show scrambling activity, was ~5 times lower than the other isoforms. In
contrast to other TMEM16 proteins, flux assays and electrophysiology recording showed TMEM16C
does not possess ion-transporting activity. We conclude that the N-terminus of TMEM16C deter-
mines whether TMEM16C can translocate to the plasma membrane and facilitate scrambling activity;
membrane-localized TMEM16C isoforms 1 and 3 transport PS to the outer leaflet.

Keywords: membrane proteins; lipid transport; scramblases; ion channels

1. Introduction

Lipid scrambling is a process that changes the asymmetric distribution of phospho-
lipids in the outer- and inner leaflets of cell membranes [1]. Whereas phosphatidylcholine
and sphingomyelin largely reside in the outer leaflet, the inner leaflet is composed primarily
of phosphatidylserine (PS) and phosphatidylethanolamine. This asymmetry is created and
maintained by two ATP-driven pumps called flippase and floppase [1,2]; the enzyme that
scrambles or mixes lipids in the membrane is called “scramblase”. Lipid scrambling is used
as a signal by cells [2], the most well-known being the “eat me” signal from apoptotic cells.
In normal cells, PS is dominant in the inner leaflet; however, lipid scrambling causes dying
cells to expose PS on the outer membrane, a change recognized by phagocytic cells, which
then remove apoptotic cells [3]. Lipid scrambling is involved in various other physiological
processes such as blood coagulation, synaptic pruning, viral infection, fertilization, and
myoblast fusion [4].

There are three types of lipid scramblases in cell membranes, which are classified by
their activation mechanism. The first, Ca2+-activated lipid scramblases, are activated by
increased intracellular Ca2+ [5]. The second type, the Xk-related (Xkr) family, are activated
by caspase signals; they contain caspase recognition domains and their cleavage by caspase
is essential for scrambling activity [6]. The final class, constitutively active or non-regulated
lipid scramblases, includes G protein-coupled receptors such as Rhodopsin [7,8]. In recent
decades, several studies have tried to determine the molecular identity of Ca2+-activated
lipid scramblases, with members of the TMEM16 family now accepted as belonging to this
class [9].

Membranes 2022, 12, 1005. https://doi.org/10.3390/membranes12101005 https://www.mdpi.com/journal/membranes
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TMEM16 proteins are composed of 10 family members and were initially reported
as Ca2+-activated Cl− channels [10–12]. Despite the similarity in their genetic sequence,
TMEM16 proteins are functionally divergent. For instance, TMEM16A and TMEM16B
are recognized as Ca2+-activated Cl− channels, but TMEM16C, TMEM16D, TMEM16E,
TMEM16F, TMEM16G, TMEM16J, and TMEM16K have Ca2+-activated lipid-scrambling
activity [13–16]. Among these, TMEM16E, TMEM16F, and TMEM16K are dual-function,
non-selective ion channels and lipid scramblases [14–16]. Structural studies show they are
dimeric proteins with 10 transmembrane domains [15,17–20]. TMEM16 proteins have a
primary Ca2+ binding site within the transmembrane region and an additional binding site
near the dimeric interface. Among TMEM16 family members, TMEM16C is mainly found in
the brain [13,21,22], especially in neuronal cells [23,24]. TMEM16C does not have ion- or PS-
transporting activity, but does transport phosphatidylcholine and galactosylceramide [13].
TMEM16C also regulates pain-related signals in rat dorsal root ganglia by modulating the
activity of sodium-activated potassium channels [24,25]; although the mechanism is not
well understood, changes in lipid distribution by the lipid-scrambling activity of TMEM16C
may be involved.

TMEM16C proteins are associated with many neuronal diseases, including febrile
seizure [26] and autosomal-dominant craniocervical dystonia [22]. TMEM16C is also
associated with late-onset Alzheimer’s disease [27]. Interestingly, transcriptional analysis
shows that TMEM16C is downregulated in patients suffering from Alzheimer’s disease
compared with healthy controls [28]. These results suggest that TMEM16C could be a new
target for the treatment of brain disease.

In this study, we investigated the lipid-scrambling and ion-transporting activity of
human TMEM16C isoforms. Among three human isoforms, isoform 1 and 3 transported
PS to the membrane outer leaflet, while isoform 2 did not. We confirmed that these results
were due to differences in the surface expression level of each isoform. We also found
that GFP tagging on isoform 1 severely reduced the scrambling activity of TMEM16C.
Ion channel activity of the TMEM16C isoforms was not observed in either flux assays or
in the electrophysiological recording. These results suggest that human TMEM16C iso-
forms that present on the surface membrane are PS-transporting lipid scramblases but not
ion channels.

2. Materials and Methods

2.1. Construction and Expression of TMEM16C Isoforms

A human, cDNA ORF clone of TMEM16C isoform 1 (NCBI, NP_001300655.1) was pur-
chased from GenScript (Clone ID, Ohu71184). Full-length DNAs of isoform 2 (NP_113606.2)
and isoform 3 (NP_001300656.1) were generated by PCR and cloned into a pCEP4 vec-
tor (Thermo). For GFP tagging of each DNA construct, pCAG-GFP (Addgene, #11150)
vectors were used. To estimate transcription efficiency, pCAG-GFP virgin vectors were co-
transfected with TMEM16C constructs at a molar ratio of 1:100 (GFP:TMEM16C). To confirm
the presence of TMEM16C isoforms in the human brain, whole brain QUICK-Clone cDNA
(TaKaRa) and PCR were used with isoform 1 and isoform 2-specific primers, namely isoform
1 forward primer: ATGTCAGTTTTAAAATTTGAACTG; isoform 2 forward primer: ATG-
GTCCACCATTCAGGCTCCATT; isoform 3 forward primer: GCAATGAAGGATTCCAAAT-
GCAGCTG; and universal reverse primer: TCCCCCCGGGGAGGCCATTCATGGTG.

2.2. Scrambling Assay

24 to 48 h after transfection using X-tremeGENE HP (Roche), scrambling activity was
measured in 293T cells. A 0.5% Alexa Fluor 568-tagged annexin V (Invitrogen) solution
was prepared by making a scrambling solution (140 mM NaCl, 10 mM CaCl2, 10 mM
HEPES, pH 7.4). To activate phospholipid scramblases, an equal volume of scrambling
solution containing 4 μM of the Ca2+ ionophore A23187 (Sigma) was added to reach a
final concentration of 2 μM. As an unstimulated control, 0.1% DMSO was added to cells
in annexin V-binding solution. Exposure of PS on the outer cell membrane was measured

5
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by the accumulation of annexin V–Alexa Fluor 568 and captured with time-lapse imaging
and a super-sensitive, high-resolution confocal laser scanning microscope TCS SP (Leica)
for 20 min after the addition of the ionophore. Image acquisition was controlled by LAS X
software (Leica).

2.3. Surface Biotinylation and Western Blot

For the surface biotinylation of TMEM16C isoforms, 293T cells were seeded at a
density of 6 × 105 cells in a 6-well plate. Cells were transfected with the DNA of TMEM16C
isoforms and incubated for 48 h. During the experiment, the plate was fixed on ice.
293T cells were washed three times with PBS and incubated with 2 mL of biotinylation
solution containing EZ-LinkTM-sulfo-NHS-SS-Biotin (Thermo) (0.35 mg/mL in PBS) for
20 min. Next, an ice-cold PBS buffer containing 50 mM glycine was added to stop the
reaction. After an additional incubation of 5 min, cells were collected by centrifugation
at 4000× g for 1 min. Cells were washed with PBS and lysed with lysis buffer containing
1% Triton X-100 and protease inhibitor cocktail by inverting for 1 h at 4 ◦C. The supernatant
was collected and biotinylated proteins were bound to Streptavidin Plus UltraLinkTM
Resin (Thermo) for 3 h at 4 ◦C. After this incubation period, samples were spun down
and washed three times with 1 mL of lysis buffer. The pellet of streptavidin beads was
resuspended in 40 μL of 3× LDS buffer for 10 min. Protein samples were then loaded
onto the protein gel and a western blot was conducted with target antibodies, TMEM16C
(Human protein atlas), actin (Cell signaling) and transferrin receptor (abcam). Relative
surface expression ratios were calculated by normalizing the band intensity of TMEM16C
in the surface to the band intensity of TMEM16C in the total (surface/total).

2.4. Halide-Quenching Flux Assay

To measure the ion-transporting activity of TMEM16C isoforms using a cell-based
assay, YFP-H148Q/I152L-stable cell lines were used. YFP-H148Q/I152L in pcDNA3.1
was transfected into 293 cells and stable cells were selected using G418 antibiotics. YFP-
expressing 293 cells were seeded into 96-well plates and TMEM16C isoforms and human
TMEM16A were transfected with X-tremeGENE HP (Roche). Human TMEM16A (NCBI,
XM_011545127.3) was used as a positive control. Prior to measurement of the fluorescence
signal, the medium was changed to 50 μL basal buffer (137 mM NaCl, 2.7 mM KCl, 2 mM
CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.4). The signal was acquired using the Flexstation
3 (Molecular device) at an excitation and emission wavelength of 513 nm and 527 nm,
respectively. After stabilization of the signal for 60 s, 100 μL of iodide-containing buffer
(137 mM NaI, 2.7 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.4) was added
to each well to monitor iodide-transporting activity. Iodide buffers both with and without
the Ca2+ ionophore (10 μM) were prepared.

2.5. Electrophysiology

The macroscopic current of TMEM16C isoforms was recorded by whole-cell config-
uration. Patch pipettes were fabricated from borosilicate glass and each resistance was
between 2–4 Mohm. The currents were amplified using an Axopatch 200B (Molecular
Device) and filtered at 2 kHz with a lowpass Bessel filter. Signals were digitized at a
rate of 5 kHz using an Axon Digidata 1550B digitizer (Molecular Device). Ionic currents
were evoked by voltage stimulus delivered from a holding potential of 0 mV to test volt-
ages ranging from −100 to 100 mV. For the activation of TMEM16C isoforms, recording
conditions described previously were used [29]. The intracellular solution contained
146 mM CsCl, 2 mM MgCl2, 5 mM EGTA, 10 mM Sucrose, 10 mM HEPES, pH 7.3. Based
on the MaxChealator (https://somapp.ucdmc.ucdavis.edu/ (accessed on 3 May 2022), free
Ca2+ concentration was calculated and the required amount of CaCl2 was added. The
extracellular solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
15 mM Glucose, 10 mM HEPES, pH 7.4. The pH of both solutions was titrated with NMDG.
As a positive control, TMEM16F (NCBI, NM_001025356.3) isoform 1 was used to measure
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the macroscopic currents activated by intracellular Ca2+. For each data set, the significance
of the difference was tested using a paired sample t-test using Origin software (Originlab).
In all cases, p < 0.05 was considered significant.

3. Results

3.1. Human TMEM16C Isoforms Contain Different N-Terminuses

Most studies on TMEM16C are conducted using mouse [13,24] and rat TMEM16C [30].
Mouse and rat isoform 1 are almost identical (Figure 1A,B) and correspond to human
TMEM16C isoform 2. In humans, there are two further isoforms of TMEM16C: isoform 1
is a novel TMEM16C isoform that contains a longer N-terminal segment than mouse and
rat TMEM16C (Figure 1A); isoform 3 contains the shortest N-terminus and corresponds to
mouse isoform 2 (Figure 1A,B). To identify whether isoform 1 is present in the human brain
at the transcriptional level, we obtained commercially available cDNA from human brain.
PCR demonstrated that isoform 1 of human TMEM16C could be amplified using human
isoform 1-specific primers and the amount of amplified DNA was less than that of isoform
2 (Figure 1C, left). Since the CDS (Coding Sequence) of isoform 3 is perfectly matched
to that of isoform 1, isoform 3-specific primer was designed in the UTR (Untranslated
Region) of isoform 3. Finally, we could observe isoform 3-specific PCR fragments in the gel
(Figure 1C, right). These results suggest that all three human TMEM16C isoforms exist in
the human brain at the transcriptional level.

Figure 1. Three human TMEM16C isoforms and their similarity to other orthologues. (A) Sequence
alignment of the N-terminal regions of human, mouse and rat TMEM16C isoforms. Alignment
was conducted using Clustal Omega. (B) Sequence similarity between human TMEM16C isoforms
and orthologues; similarity was calculated using the Ident and Sim program from the Sequence
Manipulation Suite. (C) PCR results for human TMEM16C isoforms using cDNA from human brain.
The first column in the gels is 1 kb DNA ladder to estimate the length of DNA.

3.2. Endogenous Scrambling Activity of the 293T Cell and the Effects of GFP Tagging on the
Scrambling Activity

To measure scrambling activity, we conducted an optical imaging, cell-based assay
to monitor exposure of PS on cell membranes. In unstimulated conditions, most PS exists
in the inner leaflet of the plasma membrane (Figure 2A, left). Treatment with the Ca2+

ionophore A23187 increases intracellular Ca2+, allowing Ca2+-activated lipid scramblases to
be activated for transporting PS to outer leatlet. Since annexin V could bind to PS specifically,
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PS exposed on the outer leaflet can then be visualized by fluorophore-conjugated annexin
V (Figure 2A, right). Thus, accumulation of the fluorescent signal can be monitored using
real-time imaging.

Figure 2. Scrambling activity of endogenous TMEM16F in 293T cells and the effect of GFP tagging on
human TMEM16C. (A) Schematic diagram of cell-based imaging using fluorophore-labeled annexin
V. Phosphatidylserine (PS) exposed by Ca2+-activated scramblase activity upon treatment with the
Ca2+ ionophore A23187 was stained with Alexa 568-conjugated annexin V. Accumulation of red
signal was captured by microscope imaging. (B) Endogenous scrambling activity of TMEM16F in
293T cells. 10 μM ionophore was added to 293T cells to increase intracellular Ca2+ concentration.
DMSO (0.1%) was used as a control. (C) Optimization of imaging conditions to minimize endogenous
lipid-scrambling activity in 293T cells. 293T cells treated with 2 μM ionophore showed minimal
scrambling activity, equivalent to the control treatment. (D) Lipid-transporting activity of GFP-tagged
human TMEM16C isoforms 1 and 2. 2 μM ionophore was added to transfected 293T cells to increase
intracellular Ca2+ and stimulate TMEM16C activity. (E) Quantification of lipid-scrambling activity in
293T cells upon treatment with 10 μM and 2 μM ionophore. Data are presented as mean + standard
error of the mean (SEM); n = 9 for 10 μM ionophore and n = 8 for 2 μM ionophore. (F) Quantification
of lipid-scrambling activity of GFP-tagged TMEM16C isoform-transfected 293T cells after treatment
with 2 μM ionophore. Data are presented as mean + SEM; n = 7 for isoform 1-GFP and n = 10 for
isoform 2-GFP.

Prior to measuring the scrambling activity of TMEM16C isoforms, the endogenous
scrambling activity of 293T cells was investigated. As reported previously [31], 293T cells
showed scrambling activity after 10 μM ionophore treatment (Figure 2B), with 23.3% of
cells showing scrambling activity (Figure 2E). The control treatment, 0.1% DMSO, did
not affect the scrambling process in 293T cells (Figure 2B). To find the optimal conditions
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to prevent endogenous TMEM16F activity from interfering with the measurement of
TMEM16C activity, we tested the effect of various concentrations of a Ca2+ ionophore
on the scrambling activity of 293T cells. We concluded that no scrambling activity was
observed in the presence of 10 mM CaCl2 and 2 μM ionophore (Figure 2C,E).

To confirm transfection with our genes of interest, we used a GFP-tagged construct,
which has been used previous in studies measuring the scrambling activity of
TMEM16F [16,32]. However, in the presence of 2 μM ionophore, scrambling activity
was only observed in 2.2% and 0.9% of cells expressing isoform 1-GFP and isoform 2-GFP,
respectively (Figure 2D,F). These results suggest that a very small number of cells ex-
pressing GFP-tagged TMEM16C proteins responded to an increment of intracellular Ca2+,
consistent with a previous result that showed that tagged mouse TMEM16C displayed
minimal PS scrambling activity [13].

3.3. Scrambling Activity of Three TMEM16C Isoforms

Since the ion-and lipid-transporting activity of nhTMEM16, a fungal homologue of
TMEM16, is inhibited by GFP tagging [33], we next probed the effect of GFP tagging
of the scrambling activity of TMEM16C isoforms. We generated constructs without a
GFP tag and repeated the cell-based imaging assay. To validate the transfection of the
genes and expression of the TMEM16C, DNA expressing GFP was co-transfected with
TMEM16C isoforms at a molar ratio of 1:100; we assumed that cells expressing GFP were
also expressing TMEM16C isoforms. In each case, transfection efficiency was similar in
ionophore- (red bars) and DMSO-treated (control; black bars) cells (Figure 3A–C): 41.1%
and 43.7% for isoform 1, 33.8% and 31.9% for isoform 2, and 34.9% and 40.1% for isoform 3,
respectively (Figure 3D).

Unlike with the GFP-tagged protein, 23.5% of cells expressing isoform 1 without a
GFP tag presented PS on the outer leaflet in the presence of 2 μM ionophore (Figure 3A,E).
These results suggest that GFP tagging was inhibiting the scrambling activity of isoform 1,
as shown in a previous study which was performed with fungal TMEM16 homologues,
nhTMEM16 [33]. Consistent with a previous study [13], isoform 2, which corresponds
to mouse isoform 1, showed very low activity, with 2.8% of cells displaying PS on the
outer leaflet (Figure 3B). Isoform 3, the shortest TMEM16C isoform, also transported PS
to the outer membrane (Figure 3C). Upon the increment of intracellular Ca2+, 10.3% of
293T cells expressing TMEM16C isoform 3 transported PS (Figure 3E). All cells were also
exposed to a control condition (0.1% DMSO) without Ca2+ addition. For isoform 2 and 3 of
TMEM16C, 0.1% DMSO did not stimulate any scrambling activity of 293T cells; however,
in cells expressing isoform 1, 0.1% DMSO resulted in the scrambling activity in 0.5% of
cells (black bars, Figure 3E). This may result from the expression of isoform 1 affecting
cell viability, causing cells to generate the apoptotic “eat me” signal which would also be
stained with the annexin V-based assay.
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Figure 3. Scrambling activity of three human TMEM16C isoforms without GFP tagging. Monitoring
of the lipid-transporting activity of TMEM16C isoform 1 (A), isoform 2 (B), and isoform 3 (C). A
total of 293T cells were transfected with each isoform, without a GFP tag. To confirm transfection, a
pCAG-GFP construct was co-transfected with TMEM16C at a ratio of 100:1 (TMEM16C:GFP). 2 μM
ionophore was used to increase intracellular Ca2+ concentration; DMSO (0.1%) was used as a control.
(D) Transfection efficiency of each isoform. The percentage of transfected cells was calculated for
ionophore- (red bars) and DMSO-treated cells (black bars) by counting the total cells in brightfield
images and GFP-expressing cells in fluorescence images. (E) Quantification of scrambling activity
of human TMEM16C isoforms after treatment with a control (DMSO) or 2 μM ionophore. Data are
presented as mean + SEM. Isoform 1: DMSO, n = 9 and ionophore, n = 16; isoform 2: DMSO, n = 12
and ionophore, n = 34; isoform 3: DMSO, n = 8 and ionophore, n = 17.

3.4. Surface Expression of Human TMEM16C Isoforms

These results suggested that the isoforms with the longest (isoform 1) and shortest
(isoform 3) N-terminuses can transport PS, while the isoform of intermediate length N-
terminus (isoform 2) cannot. Thus, we next investigated the surface expression level of
each isoform in 293T cells by conducting a surface biotinylation assay. No differences in
the expression of each isoform was observed when the expression levels of the isoforms
were compared using the immunoblotting of total cell lysates, (Figure 4A). However, a
surface biotinylation assay showed much lower expression of isoform 2 on the cell surface
than isoform 1 or 3: the relative surface expression ratios of isoform 1 and 3 were 0.46 and
0.45, respectively, while that of isoform 2 was 0.10 (Figure 4B,C). The actin and transferrin
receptors were used as a control protein for cytosolic- and membrane proteins, respectively.
Immunoblotting results for the transferrin receptor and actin showed that only proteins
on the cell surface are biotinylated (Figure 4B). These results suggest that the N-terminal
region of TMEM16C is critical for the translocation of TMEM16C to the plasma membrane.
Additionally, we tested the surface expression of the GFP tagged TMEM16C isoforms by
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conducting surface biotinyaltion assays with a GFP tagged construct. Unlike untagged
isoforms, GFP tagged isoform 3 showed somewhat lower expression in total fraction
(Figure 4C). The relative surface expression ratios of GFP tagged isoform 1, 2, and 3 were
1.63, 0.52, and 0.52, respectively. These results suggest that GFP tagged TMEM16C isoform
1 and 2 are more abundant in the cell surface than untagged constructs.

Figure 4. Surface expression of human TMEM16C isoforms. (A) Immunoblotting of cell lysates
expressing human TMEM16C isoforms. Anti-TMEM16C (upper image) and anti-actin (lower image)
antibodies were used. (B) Immunoblotting of surface biotinylated TMEM16C proteins. Surface
fraction (S) samples were loaded at a 10-fold higher concentration than the total fraction (T). Anti-
TMEM16C (upper image), anti-actin (middle image) and anti-transferrin receptor (lower image)
antibodies were used to validate the biotinylation of surface-expressed proteins. (C) Immunoblotting
of surface biotinylated GFP tagged TMEM16C proteins. (D) Quantification of relative surface
expression of each isoform. Relative surface expression ratios were calculated by normalizing
the band intensity of TMEM16C in the surface to the band intensity of TMEM16C in the total.
Mean + SEM; n = 3 for each isoform.
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3.5. Ion Channel Activity of Human TMEM16C Scramblases

Next, we studied the ion-transporting activity of TMEM16C isoforms. Previous studies
suggest that the heterologous expression of mouse TMEM16C isoform 1, which corresponds
to human isoform 2, does not result in ion-transporting activity [13,24]. Prior to conducting
electrophysiology studies, we measured ion transportation using a YFP-based halide ion-
quenching assay. Since fluorescent signals from YFP(H148Q/I152L) could be quenched by
the halide ion, this assay was largely used in the study on the anion transporting activity
of ion channels. After establishing YFP (H148Q/I152L)-expressing stable cell lines, cells
were transfected with DNA for each TMEM16C isoform. In all cases, the iodide treatment
of TMEM16C-expressing cells in the presence of 10 μM ionophore did not decrease the
fluorescent signal compared with untransfected cells (Figure 5A). However, cells expressing
human TMEM16A, a well-known Ca2+-activated Cl− channel, showed the decrease in the
YFP signal after treatment of Ca2+ ionophore and iodide (Figure 5A). To measure the electri-
cal activity of human TMEM16C directly, electrophysiological recordings were performed
using whole-cell configuration. At 2 μM intracellular Ca2+, no TMEM16C isoforms showed
any changes in the ionic current compared to untransfected cells (Figure 5B). Since the
purpose of patch clamp recording was to determine whether TMEM16C isoforms have a
channel function or not, a high concentration of free Ca2+ (200 μM) was also tested in the in-
tracellular solution, as reported in other studies [29,31]. Compared with untransfected cells,
TMEM16C isoform-expressing cells did not show any significant changes in the whole-cell
current upon Ca2+ and voltage stimulus (Figure 5C). As a positive control for validating
our assay system, human TMEM16F isoform 1 was also transfected and their electrical
currents were measured in the presence of 200 μM Ca2+. The cells expressing human
TMEM16F showed large macroscopic currents (Figure 5D). All current traces recorded
from human TMEM16C isoforms were almost similar to the endogenous currents from
untransfected 293T cells. We could only observe the endogenous outward membrane
currents. These currents were activated with voltage-dependent activation kinetics upon
higher positive voltage stimulus (Figure 5B,C). These activation kinetics over time were
also shown in the current traces of TMEM16F transfected cells. The current density from
all isoforms was comparable with that of untransfected 293T cells (Figure 5D), and these
values are statistically insignificant. These results suggest that TMEM16C does not have
ion-conducting activity.
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Figure 5. Ion-transporting activity of human TMEM16C isoforms. (A) Measurement of ion-
transporting activity using an iodide-quenching assay. Each TMEM16C isoform and human
TMEM16A were transfected into 293T cells stably expressing YFP-H148Q/I152L. Mean + SEM;
n = 3. (B,C) Representative whole-cell current recordings of cells transiently transfected with human
TMEM16C isoforms. 2 μM (B) and 200 μM (C) intracellular Ca2+ was added and ionic currents were
evoked with voltage steps ranging from −100 mV to +100 mV in 10 mV increments. (D) Whole-cell
recording of human TMEM16F expressing cells. The macroscopic current was measured in the
presence of 200 μM intracellular Ca2+ (upper). The representative I-V relationship of TMEM16F
(lower). (E) Average current densities in untransfected and TMEM16C isoform-transfected 293T cells.
Current density was measured at +80 mV. Data are plotted as mean + SEM (n = 3–6).

4. Discussion

To date, many studies measuring ion-transporting and/or the lipid-scrambling ac-
tivity of the TMEM16C protein have used tagged mouse or rat TMEM16C isoform 1. For
instance, the Nagata group used mouse isoform 1 with C-terminal FLAG tagging [13],
and the Jan group measured the activity of mouse isoform 1 with N-terminal HA tag-
ging and C-terminal GFP tagging [24]. Several studies have used GFP or YFP-tagged
constructs to investigate other members of the TMEM16 family, such as TMEM16A and
TMEM16F [12,16,17,32], without observing an effect of the fluorescent tagging on the pro-
tein’s function. However, we previously examined the effect of GFP tagging on the activity
of nhTMEM16, a fungal homologue of TMEM16 protein, and found that GFP tagging inhib-
ited both its ion- and lipid-transporting activity [33]. Likewise, the present study suggests
that GFP tagging of human TMEM16C isoform 1 severely reduces PS-transporting activity.
After removing the GFP tag from the isoform 1 construct, the percentage of scrambled cells
increased from 2.2% to 23.5%; for isoform 2, a slight increase from 0.9% to 2.3% scrambling
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was observed after GFP tag removal. To determine whether the reduction of scrambling
activity of GFP tagged TMEM16C is caused by the inhibition of protein function itself or
due to the defects on the surface expression of the protein, we conducted a surface biotiny-
lation assay by using GFP tagged constructs. We found that more TMEM16C isoform 1
and 2 exist in the cell surface after adding the GFP tag. These results strongly suggest that
GFP tagging on isoform 1 could inhibit the PS transporting activity without inhibiting the
translocation of isoform 1 to the cell surface. For isoform 2, even though the scrambling
activity was slightly increased after cleavage of the GFP tag, GFP tagging inhibited the PS
transporting function not by inhibiting its translocation to the cell surface.

Previous findings from studies of mouse TMEM16C show that this protein did not
transport PS in the presence of the Ca2+ increment [13]. Consistent with this result, our
experiments showed that human isoform 2, corresponding to mouse isoform 1, did not
transport PS to the cell surface because its surface expression was significantly lower
than that of other isoforms; however, human isoforms 1 and 3 transported PS, similar to
TMEM16F. The exposure PS to the outer leaflet is a representative consequence of lipid
scrambling. Since the most basic feature of lipid scramblases is non-selective lipid transport,
the result that showed that TMEM16C discriminated between PS and other lipids, phos-
phatidylcholine and ceramide was unexpected [13]. For this reason, interest in TMEM16C
as a lipid scramblase has declined despite its involvement in neurological diseases. Thus,
our finding provides evidence that certain TMEM16C isoforms possess the predominant
feature of lipid scramblases, PS-transporting activity. Furthermore, we measured the PS-
transporting activity of TMEM16C in the presence of a lower Ca2+ concentration than that
required to activate endogenous human TMEM16F in 293T cells. These results suggest that
TMEM16C could have a role in cell surface PS exposure in response to small increases in
intracellular Ca2+.

In summary, we investigated the lipid- and ion-transporting activity of three human
TMEM16C isoforms using optical imaging, a fluorophore-quenching flux assay, and electro-
physiological recording. We showed that isoform 1 and isoform 3 could transport PS to the
outer leaflet, while isoform 2 could not, due to significantly lower isoform 2 surface expres-
sion. We could not detect macroscopic ionic currents from surface-expressed TMEM16C
isoforms 1 and 3. Taken together, these results suggest that human TMEM16C present on
cell surface membranes is a PS-transporting lipid scramblase but not an ion channel.
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Abstract: Transmembrane proteins (TMEMs) are integrated membrane proteins that span the en-
tire lipid bilayer and are permanently anchored to it. TMEMs participate in various cellular pro-
cesses. Some TMEMs usually exist and perform their physiological functions as dimers rather than
monomers. TMEM dimerization is associated with various physiological functions, such as the regu-
lation of enzyme activity, signal transduction, and cancer immunotherapy. In this review, we focus
on the dimerization of transmembrane proteins in cancer immunotherapy. This review is divided
into three parts. First, the structures and functions of several TMEMs related to tumor immunity
are introduced. Second, the characteristics and functions of several typical TMEM dimerization
processes are analyzed. Finally, the application of the regulation of TMEM dimerization in cancer
immunotherapy is introduced.

Keywords: transmembrane proteins; dimerization; cancer immunotherapy; small-molecule drugs;
dimerization regulation

1. Introduction

Membrane proteins are essential for the physiological functions of the cell membrane.
They can be classified into two types based on their interaction with the membrane: periph-
eral membrane proteins, which bind to the membrane through non-covalent interactions,
and integrated membrane proteins, which more firmly bind to the membrane through
hydrophobic interactions [1]. TMEMs are integrated membrane proteins that span the
entire lipid bilayer and are permanently anchored in it [2]. Based on their different struc-
tures, TMEMs can be divided into two categories: α-helical proteins and β-barrel proteins
(Figure 1). These two structures are the dominant structures of all transmembrane pro-
teins, with α-helical proteins being mostly found in the cytoplasm and subcellular septum,
while β-barrel proteins are mostly found in chloroplasts, bacteria, and mitochondrial
membranes [3].

A variety of TMEMs play a regulatory role in cancer immunotherapy. Within the
TMEM family, immune checkpoint proteins are called immune system regulators; they
can regulate the activity of various immune cells and play important roles in the process
of maintaining the body’s immune balance [4]. Cancer cells can use inhibitory immune
checkpoint proteins to generate tumor immune escape [5]. Traditional immune checkpoint
proteins mainly target T cells, with Programmed death ligand 1 (PD-L1) and Toll-Like
Receptor-4 (TLR-4) being well-known immune checkpoint proteins related to T-cell activa-
tion [5,6]. The dimerization of PD-L1 or TLR-4 can cause changes in T-cell activity, making
them a potential target for cancer immunotherapy. For example, the PD-L1/Programmed
death 1 (PD-1) signaling pathway can inhibit T-cell activity, allowing cancer cells to escape
the killing action performed by immune cells [7]. BMS-8, a compound by Bristol-Myers
Squibb (BMS), binds to PD-L1 and causes it to form a homodimer, ultimately blocking the
interaction between PD-L1 and PD-1, and leading to T-cell activation [8]. Rhamnogalac-
turonan II (RG-II) could effectively induce the dimerization of TLR-4, activate myeloid
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differentiation factor 88 (MyD88)-independent and MyD88-dependent pathways, promote
the maturation and differentiation of dendritic cells (DCs), produce a series of cytokines to
regulate inflammatory responses, and affect the activity of T cells [9].

Figure 1. Different types of TMEMs found in the cell membrane. (a) A single transmembrane α-helix
protein. (b) An α-helix protein that crosses the membrane multiple times. (c) A transmembrane
β-barrel protein.

Recent studies have demonstrated the potential of immune checkpoint proteins in
natural killer (NK) cells for cancer immunotherapy [10]. Current immune checkpoint
proteins associated with NK-cell activity include natural killer Group 2 member A (NKG2A),
leukocyte immunoglobulin-like receptors (LIRS), human leukocyte antigen G (HLA-G),
and Cluster of differentiation 96 (CD96) [10–14]. HLA-G is a major histocompatibility
complex molecule that binds to inhibitory receptors on white blood cells and protects the
fetus from attack by the mother’s immune cells [15]. Because of its immunosuppressive
effects, HLA-G has been extensively studied for its role in cancer immunotherapy. For
example, after homodimer formation, HLA-G can bind to its ligand, Ig-like transcript
2 (ILT2), with a higher affinity to regulate the cytotoxic activity of T cells and NK cells [16].
NKG2A is one of the key immune checkpoint proteins of NK cells and is involved in
the regulation of NK-cell activity [17]. NKG2A can form a heterodimer with Cluster of
differentiation 94 (CD94), which results in the inhibition of the activity of NK cells [17].
Therefore, blocking the interaction between NKG2A and CD94 can activate NK-cell activity,
further inhibiting the immune escape of cancer cells.

Four immune checkpoint proteins, PD-L1, TLR4, HLA-G, and NKG2A, belong to the
TMEM family and can form homodimers or heterodimers to regulate cancer immunother-
apy. Therefore, this review focuses on these four immune checkpoint proteins. Firstly,
we introduce the structures and functions of these proteins; then, we analyze the binding
properties and functions of these immune checkpoint proteins and their receptors. Finally,
we discuss the regulation of the dimerization of these immune checkpoint proteins and
their potential as targets for cancer immunotherapy through dimerization regulation. Un-
derstanding the mechanisms of TMEM dimerization regulation can provide insights into
developing novel anti-tumor drugs.

2. Structures and Functions of Immune Checkpoint Proteins in
Cancer Immunotherapy

The structures and physiological functions of immune checkpoint proteins are crucial
to the development of new drugs for tumor immunotherapy. This section mainly introduces
the structures and physiological functions of several immune checkpoint proteins, including
PD-L1, TLR4, HLA-G, and NKG2A.

2.1. PD-L1

PD-L1 is a transmembrane protein expressed in macrophages, activated B cells, T
cells, and many solid tumor cells at higher levels than in normal tissues [18]. Encoded
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by the PD-L gene, PD-L1 belongs to the cluster of differentiation 28 (CD28)/B7/cytotoxic
T lymphocyte antigen-4 (CTLA-4) family [19,20]. The gene encoding the PD-L1 protein
contains seven exons, and the PD-L1 protein contains 290 amino acids and has a molecular
mass of 40 kDa [21]. PD-L1 consists of an intracellular domain (30 amino acids), a trans-
membrane domain (hydrophobic), and two extracellular Ig-like domains (IgC- and IgV-like
domains) [22–24].

PD-L1 plays a crucial role in tumor immunotherapy, as it inhibits T cells and NK
cells when combined with PD-1 [25,26]. The PD-L1/PD-1 complex produces a signal
that suppresses cytotoxic T cells, leading to T-cell depletion, which protects local tissues
from immune-cell-induced inflammation [27]. The PD-1/PD-L1 signaling pathway is
also involved in immune tolerance, which refers to the inability of immune cells to carry
out a normal immune response under specific antigen stimulation [28]. Inhibiting the
PD-1/PD-L1 signaling pathway enhances the immune response in two ways: it promotes
the maturation and differentiation of immune cells, and it enhances the activity of im-
mune cells [29,30]. However, the activation of immune cells can result in skin disorders,
such as vitiligo and lichenoid dermatitis associated with renal metabolism, as well as
the uncommon but difficult-to-treat psoriasis [29,30]. Therefore, understanding the struc-
ture and physiological function of PD-L1 is crucial to developing new drugs for tumor
immunotherapy.

2.2. TLR-4

TLR-4 is a member of the Toll-like receptor (TLR) family that plays a critical role
in regulating the balance of the immune system [31,32]. It is predominantly located on
the cell membrane of adipose cells, as well as on the outer membrane of natural killer
(NK) cells, macrophages, and monocytes [33]. Encoded by the TLR-4 gene, TLR-4 has a
molecular mass of 69 KDa in humans. The full-length TLR-4 protein comprises three parts:
an extracellular domain containing 608 amino acids, an intracellular domain containing
187 amino acids, and a transmembrane domain [34]. The extracellular domain is further
divided into three sections based on its amino acid sequence: an N-terminal domain, a
central domain, and a C-terminal domain [35].

TLR-4 plays an essential role in regulating the response to tissue damage and inflam-
mation, which is crucial to maintaining tissue homeostasis [36]. For instance, TLR-4 binds
to ligands such as a cluster of differentiation 14 (CD14) or myeloid differentiation protein
2 (MD2) to activate downstream signaling pathways that regulate inflammatory responses
via two distinct pathways (myD88-dependent and myD88-independent pathways) [37].
These inflammatory signals link appetite with the mesolimbic dopamine (DA) system and
the hypothalamus, significantly affecting appetite [38]. The link between chronic inflamma-
tion and cancer development was first discovered in the 19th century [39,40]. Until recently,
it was thought that TLR-4-induced inflammation might have two distinct effects on tumor
therapy [41]. While chronic inflammation promotes tumor cell growth, inducing acute
inflammation can effectively kill tumor cells [41]. By inducing TLR-4 dimerization with
small-molecule agonists, downstream signaling pathways can be activated to generate a
strong pro-inflammatory response to kill tumor cells, which may have important impli-
cations in anti-tumor immunity [41]. Thus, TLR-4 agonists have been widely studied as
potential agents for cancer immunotherapy.

2.3. HLA-G

HLA-G is a non-classical major histocompatibility complex-I (MHC-I) molecule that
plays a crucial role in fetal and maternal immune tolerance [42]. While primarily expressed
in the placental trophoblast, it is also expressed in various cancer cells, suggesting its
involvement in regulating cancer development [43–46]. The gene responsible for HLA-G
has eight exons and seven introns, with the extracellular domains being encoded by exons
2, 3, and 4; the transmembrane and cytoplasmic domains being encoded by exons 5 and
6; and exon 1 encoding signal peptides [47]. HLA-G has a molecular mass of 37–39 kDa
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and consists of seven isomers (HLA-G1 to -G7) that differ in the heavy-chain α1, α2,
and α3 domains of the extracellular domain; β2 microglobulin; and transmembrane and
cytoplasmic domains [43]. HLA-G1 and HLA-G5, both of which contain complete α1-
α2-α3 domains, peptides, and β2m in their extracellular domains, are the most highly
expressed members among all isomers [48–50]. Other isomers, such as HLA-G2, HLA-G3,
and HLA-G4, lack one or both α-domains and are expressed in a membrane-anchored
form containing a single α1 domain, α1-α3 domains, and α1-α2 domains, respectively. The
remaining isomers are expressed in a non-membrane-anchored form [48–50].

HLA-G has been well-studied due to its role in maternal and infant immune toler-
ance [51,52]. During pregnancy, HLA-G mediates immune tolerance and supports fetal
growth by binding to immune cells and exerting its immunosuppressive effects [53]. As
an immunosuppressive molecule, HLA-G regulates immune cell activity by inhibiting
immune cell maturation and cytotoxicity, inducing immune cell apoptosis, and activating
downstream signaling pathways [54]. HLA-G binds to inhibitory receptors located on T
cells, resulting in changes in T-cell function and the inhibition of T-cell maturation and
proliferation, as well as changes in the cellular activity of CD8+T cells and CD4+T cells [55].
HLA-G also has an inhibitory effect on DCs maturation and differentiation when binding
to Ig-like transcript 4 (ILT4), a ligand expressed on DCs, inhibiting antigen presentation
and impeding signal transmission between other immune cells and DCs [56,57].

2.4. NKG2A

Killer-cell immunoglobulin-like receptors (KIRs) can be classified as stimulatory or
inhibitory receptors based on their function [58]. NKG2A, an inhibitory receptor in the
KIR family, is commonly expressed in NK cells and CD8+T cells [59,60]. Located in the
NK complex, the NKG2A gene is composed of seven exons [61]. Recombinant human
NKG2A, made up of 159 amino acids, has a molecular mass of 26 KDa and comprises three
components: an extracellular lectin-like domain, a transmembrane domain, and an intracel-
lular domain [62,63]. The intracellular domain of NKG2A contains two immunoreceptor
tyrosine-based inhibitory motifs (ITIMs), which are associated with Src homology region
2 domain-containing phosphatase-1 (SHP-1) and can bind to ligands to cause ITIM tyrosine
phosphorylation [64]. The SHP-1 tyrosine phosphatase is then recruited intracellularly, and
tyrosine residues on the activated cascade signaling molecules are dephosphorylated, thus
transmitting the inhibitory signal [65].

NKG2A plays a critical role in regulating immune cell function and is commonly
expressed in NK cells in human peripheral blood [66]. After heterodimerization with CD94,
NKG2A can bind to the human leukocyte antigen E (HLA-E) ligand to activate downstream
signaling pathways, thereby inhibiting NK-cell function; when the binding of NKG2A to
HLA-E is blocked, NK cells can resume cytotoxic activity [67–69]. Additionally, NKG2A
is expressed in some T cells, such as CD8+T cells, but unlike its expression in NK cells, it
is only expressed in CD8+T cells in patients [70,71]. For example, the expression level of
NKG2A is increased in cancer patients and patients with chronic viral infections, indirectly
indicating the potential of NKG2A as a cancer therapeutic target [70,71]. NKG2A is highly
expressed in lymphocytes in different tumor microenvironments [72,73]. For instance,
NKG2A is overexpressed in human cervical cancer cells, and this mechanism is dependent
on interleukin -15 (IL-15) to upregulate its expression in CD8+T cells, thus inhibiting the
cytotoxicity of lymphocytes and rendering them ineffective in killing tumors [74]. Blocking
NKG2A-mediated signaling pathways can improve NK-cell dysfunction. Monalizumab, a
novel anti-NKG2A antibody drug, has therapeutic effects on chronic lymphocytic leukemia
(CLL) when used [75].

3. Binding Characteristics and Function of Transmembrane Protein-Receptor Dimers

Immune checkpoint proteins perform various physiological functions by interacting
with receptors. Understanding the dimer structures and functions of these proteins, as
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well as the ways in which they interact with ligands, is important in the development of
small-molecule drugs that regulate immune checkpoint protein dimerization.

3.1. PD-L1 Dimerization

Zak et al. reported the crystal structure diffraction data of the PD-L1 dimer
(Figure 2a) [76]. The human PD-L1 dimer consists of two asymmetric PD-L1 molecules with
a rotation angle of 30◦ between them, and the force between the two PD-L1 molecules is not
strong, with a contact surface of 814.8 Å [77]. Both PD-1 and PD-L1 have an extracellular
IgV-like domain through which they interact and activate downstream signaling pathways,
ultimately inhibiting immune T-cell activity [78]. When PD-L1 dimerization occurs, the
inhibitory signal of the downstream pathway is blocked, and the inhibition of T cells is
removed [79].

PD-1 is an inhibitory receptor on T cells and a member of the CD28 family. It is
generally expressed in regulatory T cells (Tregs, CD4+, and Foxp3+) and NK cells. PD-1 is
also expressed in other immune cells, such as macrophages and B cells [80]. The full-length
PD-1 protein consists of three parts containing a total of 268 amino acids: a cytoplasmic
part (94 amino acids), a transmembrane structure (27 amino acids), and an extracellular
part (147 amino acids) [81]. The cytoplasmic tail of PD-1 contains an immunoreceptor
tyrosine-based switch motif (ITSM) and an ITIM [82]. After the interaction between PD-L1
and the extracellular IgV-like domain of PD-1, the tyrosine residues of these two domains
are phosphorylated [81]. The activation of the downstream signaling pathway leads to the
activation of SHP-1/-2 and the dephosphorylation of CD28. Various co-inhibitory receptors
on T cells inhibit signal transduction, thereby inducing apoptosis and inhibiting cytokine
secretion and cell differentiation [82–85].

A cluster of differentiation 80 (CD80) belongs to the transmembrane protein family, and
full-length CD80 is composed of 254 amino acids [86]. Similar to PD-L1, CD80 also has an
extracellular IgV-like domain, enabling it to bind to the IgV-like domain of PD-L1, thereby
blocking the interaction between PD-1 and PD-L1 [86]. The interaction between CD80 and
CTLA-4 can produce signals that inhibit the activity of T cells, and the heterodimerization
of PD-L1/CD80 can effectively reduce the affinity of CTLA-4/CD80 interaction. Therefore,
inducing the heterodimerization of PD-L1 and CD80 is an effective method to activate
T cells [87]. Additionally, both CD80 and PD-1 act by binding to the IgV-like domain of
PD-L1, so the heterodimerization of CD80/PD-L1 can effectively reduce the binding affinity
between PD-L1 and PD-1, thereby removing the inhibitory effect on T cells [88].

Figure 2. (a) Structure of PD-L1 dimer. (b) Docking of small-molecule inhibitors with PD-L1 (PDB
entry 7DY7) [89]. (c) Crystal structure of compound (yellow) with PD-L1 dimer (PDB entry 7DY7;
chain A, green; chain B, blue). Hydrogen bonds are represented by red dotted lines [89].

21



Membranes 2023, 13, 393

3.2. TLR-4 Dimerization

X-ray crystallography and experimental studies have demonstrated that TLRs are capa-
ble of forming homodimer signaling complexes, and small-molecule agonists can induce the
homodimerization of TLR-4 to initiate downstream signaling pathways (Figure 3a) [90,91].
For example, Vladimir et al. designed a library of cell-permeating decoy peptides, each of
which represents a nonfragmented patch of the TLR4 TIR surface [91]. They tested these
peptides for the ability to inhibit early cytokine mRNA expression and mitogen-activated
protein kinase (MAPK) activation in lipopolysaccharide (LPS)-stimulated primary murine
macrophages. Five peptides-4R1, 4R3, 4BB, 4R9, and 4aE-potently inhibited all manifesta-
tions of TLR4, but not TLR2 signaling. These findings suggest that the area between the BB
loop of TLR4 and its fifth helical region mediates TLR4 TIR dimerization [91]. The trans-
membrane domain of TLR4 plays a key role in its dimerization process, and the sequences
that constitute the transmembrane domain, as well as their secondary and tertiary structures
formed by the insertion into the membrane, affect dimerization [92]. For instance, 25% of
the amino acids in the TLR-4 transmembrane domain (632TIIGVSVLSVLVVSVVAVLVY652)
constitute polar residues. The 637SxxS640 motif (x = any amino acid) among these polar
residues is believed to contribute to the stability of homologous dimer complexes [93]. Once
dimerization occurs, TLR-4 activates various downstream signaling pathways, inducing in-
flammatory responses, and activating monocytes (macrophages and DCs) and neutrophils,
thereby enhancing the immune response and promoting tumor killing [41,94,95].

Lipopolysaccharide (LPS), an immune system agonist, activates monocytes and neu-
trophils via the TLR-4 signaling pathway, ultimately activating the body’s innate immune
system [41]. The process whereby LPS activates the TLR-4 signaling pathway is as fol-
lows: First, LPS forms a complex with its binding protein, LBP (LPS-binding protein).
This complex then binds to a cluster of differentiation 14 (CD14) and transfers LPS to
myeloid differential protein-2 (MD2) [96]. Upon interaction with LPS, the structure of MD2
changes, and the TLR-4 receptor binds to the MD2/TLR-4 complex to form a homodimer
(Figure 3b) [96]. Activated TLR-4-MD2-LPS homodimer complexes perform downstream
signal transduction to initiate innate immune responses [34].

High Mobility Group Box 1 (HMGB1) is typically expressed in the nucleus, where
it can enhance transcription after binding to DNA [97–100]. HMGB1 is also released
into the cytoplasm during apoptosis, injury, or death, and it is secreted in cancer cells
and immune cells as a response mechanism to external stimuli [97–100]. The full-length
HMGB1 protein contains 215 amino acids, and its structure is highly conserved [101]. It
is mainly composed of three parts: the first part, called Box A, comprises amino acid
residues 9–79; the second part, Box B, contains amino acid residues 95–163; and the last
part is a C-terminal tail containing amino acid residues 186–215 [101]. The B box has been
identified as a functional domain recognized by TLR-4, and amino acid residues 89–108
are the site of interaction with TLR-4 [101]. Upon interaction with TLR-4, downstream
signaling pathways can be activated to regulate the inflammatory response and innate
immunity [102,103]. For example, TLR-4-deficient animals are protected from ischemia–
reperfusion injury in the liver, kidney, and heart, indicating that TLR-4 plays a critical role
in aseptic inflammation [104].

Fibronectin (FN), typically expressed in the extracellular matrix, is a protein with
multiple domains that is overexpressed in many types of cancer cells and plays a crucial
role in tumor growth and metastasis [105,106]. FN molecules contain two distinct chains
with molecular weights of 220 and 250 kDa, which are connected at their C ends by two
disulfide bonds to form FN molecules [107,108]. The two chains can be divided into
three parts according to the amino acid sequence: first, there are 12 modules composed
of 40 amino acid residues; then, 2 modules contain 50 amino acid residues; finally, there
are 15 to 17 modules made up of 90-to-100 amino acid residues [107,108]. It is worth
mentioning that FNIII EDA (extra domains A) and FNIII EDB are the key structures for
FN to play its physiological functions, and FNIII EDA is the site where FN interacts with
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TLR-4. After FN combines with TLR-4, it can activate the downstream (MyD88-dependent)
signaling pathway and, finally, activate the innate immune system of the body [109].

Figure 3. (a) Transmembrane structure of full-length TLR4 dimer, constructed based on the X-ray
structure of TIR domain and reported NMR data [90]. (b) Crystal structure of sTLR4/MD-2/LPS
complex and structural basis of sTLR4 interaction with MD-2 (PDB entry 3VQ2) [110].

3.3. HLA-G Dimerization

Boyson and Shiroishi et al. reported the crystal structure of the HLA-G dimer, showing
that the soluble form of HLA-G can form dimers with intermolecular Cys42-Cys42 disulfide
bonds (Figure 4a) [111,112]. The Cys42 residue, located in the center of the α1 helical
structure, contributes to the stability of the HLA-G dimer by interacting with the Cys42

residue of the other HLA-G protein [111]. The two exposed binding sites above the HLA-G
dimer bind to CD8 and LILRB-1/-2, respectively. Shiroishi et al. proposed a complex
model of HLA-G binding to its receptor, ILT2 (HLA-G dimer: receptor = 1:2) (Figure 4b).
These findings suggest that the stability of the HLA-G dimer is dependent on its structural
orientation [111]. Interestingly, HLA-G dimers are associated with T-cell activation and
disease occurrence [113]. Therefore, HLA-G dimerization has great potential in cancer
immunotherapy and may become a new target for cancer therapy.

Ig-like transcripts (ILTs) are members of the immunomodulatory receptor family and
are commonly expressed on various immune cells [114]. Ig-like transcripts 4 (ILT4) and
2 (ILT2), which belong to the immunoglobulin-like receptor (LILR) family, are expressed on
leukocytes [115]. ILT2 is frequently expressed on dendritic cells, T cells, and NK cells, while
ILT4 is mainly expressed on DCs and monocytes [115]. The extracellular domains of ILT2
and ILT4 consist of four parts (immunoglobulin domains D1–D4), as well as a cytoplasmic
tail and transmembrane domain [116]. The binding sites of HLA-G are the D1 and D2
domains located outside the cell (Figure 4b) [117–119]. The binding of ILT to HLA-G can
inhibit the cytokine secretion, cell differentiation, and cell proliferation of immune cells,
and induce cytotoxicity and apoptosis [115]. For example, after ILT4 binds to HLA-G,
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it can recruit SHP-1/-2 and activate the nuclear factor-κ-gene binding (NF-κB) pathway,
leading to the increase in Interleukin-6 (IL-6) level and then the activation of the STAT3
pathway, which affects the function and maturation of DCs and leads to impaired innate
immunity [120].

Figure 4. (a) Crystal structure of a dimer of a disulfide-bonded HLA-G-peptide complex. HLA-G
heavy chains and β2m are shown in cartoon models, wrapped in translucent surfaces (yellow and
green) [111]. (b) ILT2 and HLA-G dimer binding model. The HLA-G dimer is presented in a cartoon
model, and the four Ig domains of ILT2 are circular (PDB entry 2D31) [15].

KIR2DL4 is a member of the killer-cell immunoglobulin-like receptor (KIR) and is
commonly expressed on killer cells; it consists of two domains outside the cell, a positively
charged transmembrane arginine residue, and an intracellular ITIM tail [121]. KIR2DL4
contains two distinct signaling domains (activation and inhibition), so Attia et al. hypothe-
sized that it has both functions [57]. To demonstrate this, they created a chimeric receptor
with both activation and inhibition domains, and the results showed that both KIR2DL4
signaling domains were active, suggesting that under different conditions, KIR2DL4 can
inhibit or activate the activity of NK cells [57]. The interaction between KIR2DL4 and
HLA-G can activate the downstream signaling pathway, thus regulating the activity of NK
cells [122]. The structure of KIR2DL4 is unique, and its role in cancer will likely be the focus
of future research.

3.4. NKG2A Dimerization

CD94, also known as Kp43, is a transmembrane protein expressed on the surface of
most freshly isolated natural killer (NK) cells, as well as some subpopulations of γδT and
αβT cells, although at different levels [123,124]. CD94 belongs to the Type II transmembrane
protein family, and its carbohydrate recognition domain (CRD) is located outside the cell
and contains two glycosylation sites [123,124]. The intracellular domain consists of only
seven amino acids. CD94 can form heterodimers with NKG2A to perform its physiological
functions [123,124]. The NKG2A/CD94 heterodimer can bind to the HLA-E expressed on
immune T and NK cells to inhibit their activity and function [125]. Brett K. Kaiser and
co-workers determined the crystal structure of the HLAE/NKG2A/CD94 protein complex
using X-ray crystallography (Figure 5) [126].

HLA-E is a major histocompatibility complex (MHC) Class I molecule highly expressed
in many solid tumor cells [127]. Generally, HLA-E forms trimers on the outer membrane of
the cell, consisting of an α-heavy chain with a molecular weight of 45 kDa and a light chain
(beta-2 microglobulin) encoded by chromosome 15 [128,129]. The binding of HLA-E to
ligands has high specificity and only peptides with specific amino acid sequences can bind
to HLA-E and be stably expressed [128,129]. For example, HLA-E can specifically bind
to NKG2A/CD94 receptors on CD8+ T and NK cells and activate downstream signaling
pathways that lead to the inhibition of target-cell function and activity [128,129]. When
formed in a complex with CD94/NKG2A, HLA-E can generate inhibitory signals, reduce
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the secretion of cytokines, and directly inhibit the killing effect of immune cells on cancer
cells. This signaling pathway is often used by tumor cells to evade immune-cell-mediated
killing [75].

Figure 5. (a) Crystal structure of NKG2A/CD94 complex (PDB entry 3BDW). (b) Co-crystal structure
of human HLA-E/NKG2A/CD94 (PDB entry 3CDG) and amplified structure of HLA-E binding
interface with NKG2A/CD94 [86].

4. Application of Regulation of TMEM Dimerization in Anti-Tumor Immunity

Several TMEMs play important physiological roles as dimers. Among them, immune
checkpoint proteins are crucial to tumor immunotherapy, and small-molecule drugs that
regulate their dimerization have been extensively studied.

PD-L1, which exists in a monomeric form, interacts with PD-1 to produce signals
that suppress immune cells, protecting cancer cells from being killed by the immune
system [77]. Therefore, inhibiting the interaction between PD-L1 and PD-1 using small-
molecule inhibitors is a promising direction in cancer immunotherapy. Two major classes
of synthetic small-molecule inhibitors have been reported to date, one that directly blocks
the PD-L1 binding site to PD-1 and another that induces PD-L1 dimerization, thus blocking
the PD-1 binding site [130]. The drug-induced formation of PD-L1 homodimers can
prevent PD-L1/PD-1 binding, thereby blocking downstream signaling pathways [77].
For example, BMS company has reported that the compound with (2-methyl-3-biphenyl)
methanol as a scaffold can effectively induce the dimerization of PD-L1 and interact with the
hydrophobic tunnel formed by two PD-L1 molecules (Figure 2b) [76,131]. These compounds
can form hydrogen bonds with the amino acid residues (such as Ala121 or Tyr123) of PD-L1
(Figure 2c), making the formed PD-L1 dimer more stable and thus preventing the binding
of PD-L1 to its ligands (such as PD-1) [132]. (S)-BMS-200, a compound with core scaffolds
of 2,3-dihydro-1,4-benzodioxinyl, can stably bind to the PD-L1 homodimer and induce
remarkable conformational changes in the key residues on the dimer, thus accelerating
compact interactions [133]. Moreover, intermolecular interaction studies revealed that
compound N-[2-(aminocarbonyl) phenyl] [1,1’-biphenyl]-4-carboxamide (APBC) can bind
to the hydrophobic pocket formed by two PD-L1 monomers, especially anchoring residues
Y56, M115, and A121. APBC forms a key hydrogen bond with critical residue D122,
thereby stabilizing the structure of the dimer. APBC can bind and block the binding
interface of PD-L1, thus blocking the binding of PD-1 [134]. In a mouse tumor model with
high PD-L1 expression, the administration of APBC resulted in enhanced infiltration of
CD8+T cells and increased cytokine levels in the tumor microenvironment [134]. Compared
with the control group, the tumor growth and survival rate of mice in the APBC group
were significantly improved, and the tumor growth inhibition rate reached 62.1% after
administering 10 mg/kg APBC [134]. In conclusion, small-molecule drugs that induce
PD-L1 dimerization generally bind to PD-L1 and induce its dimerization, thus blocking the
binding of PD-1 to PD-L1 and achieving the objective of immunotherapy. Therefore, these
small-molecule drugs may become potential candidates for new anti-cancer drugs.

The dimerization of TLR-4 is crucial to regulating both innate and adaptive immune
systems. Immunomax®, a TLR-4 agonist, binds to TLR-4 and promotes TLR-4 homodimer-
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ization, which in turn triggers the formation of intracellular signal transduction complexes
and activates downstream signaling pathways [135,136]. In a 4T1 breast cancer mouse
model, Immunomax® significantly improved survival; inhibited tumor growth and metas-
tasis; increased the percentage of NK cells, CD4+T cells, and CD8+T cells in the mouse
spleen; and significantly reduced the percentage of bone marrow-derived suppressor cells
(MDSCs), making it a potential anti-cancer drug candidate [136]. Huang et al. established a
sarcoma-containing C57BL/10J mouse model to validate the anti-cancer effects of cationic
polymers such as cationic dextran (C-dextran) and polyethylenimine (PEI) [137]. These
cationic polymers activated the TLR-4 signaling pathway, resulting in TLR-4 dimeriza-
tion, acute inflammation, and direct tumor cell killing, thereby prolonging the survival
time of mice, and inhibiting tumor growth and metastasis [137]. Park et al. found that
rhamnogalacturonan II (RG-II) could activate the downstream signaling pathway of TLR-4.
Further studies showed that RG-II could effectively induce the dimerization of TLR-4,
activate MyD88-independent and MyD88-dependent pathways, promote the maturation
and differentiation of DCs, and produce a series of cytokines to regulate inflammatory
responses [9]. The effect of RG-II on mice carrying lymphoma C57BL6 was further veri-
fied, and the results showed that the activity of CD8+T cells was significantly enhanced
after the administration of RG-II and that the tumor growth and metastasis of mice were
effectively alleviated [9]. In conclusion, inducing TLR-4 dimerization is an emerging cancer
immunotherapy approach. Therefore, TLR-4 agonists have been widely studied by the
scientific community, and investigations are still in progress.

HLA-G is typically expressed on specific immune cells or as a soluble dimer (sHLA-G)
in the blood [138]. Upon the formation of sHLA-G dimers, the activity of HLA-G molecules
is increased, enhancing their binding affinity for ligand ILT-2/ILT-4, which is expressed by
tumor-associated white blood cells [138,139]. The binding of sHLA-G dimers to their ligand
activates the downstream signaling pathway, leading to the inhibition of DC function and
maturation and weakened activity of NK cells and CD8+T cells, ultimately inhibiting the
immune response [138,139]. In a study by Nathalie et al., HLA-G dimers were identified
in Fon+ cell lines from melanoma patients, and the formation of HLA-G dimers inhibited
NK-cell activity, protecting Fon+ cells from NK-cell-mediated killing and promoting rapid
tumor growth and metastasis, potentially leading to patient death [140]. Singer et al. found
different levels of HLA-G5 homodimers in malignant effusions of four ovarian cancer
patients, and disease severity was positively correlated with the level of dimers [141,142].
These findings suggest that high levels of sHLA-G dimers are associated with advanced
disease and a poor prognosis. Currently, there is limited knowledge regarding the regula-
tion of the HLA-G dimer, which is typically regulated at the gene level [143]. For instance,
the 3’-UTR of HLA-G can interact with multiple microRNAs (miR-152, miR-133a, and miR-
148a) to reduce HLA-G expression and further downregulate the level of sHLA-G dimers
in the blood [143]. In addition to microRNAs, Reches et al. identified an RNA-binding
protein, HNRNPR (RBP HNRNPR), that interacts with the 3′-UTR of HLA-G and regulates
its expression [144]. In summary, reducing the expression level of the HLA-G protein can
reduce the formation of HLA-G dimers, thereby reducing the binding affinity of HLA-G
and its receptors, and enhancing the immune response. This class of drugs is currently
under development and has great potential for cancer immunotherapy.

NKG2A forms a heterodimer with CD94 in the majority of NK and CD8+T cells; this
heterodimer binds to its ligand, HLA-E, to suppress NK- and CD8+T-cell activity. Tumor
cells exploit this mechanism to evade the immune response [145,146], making it essential to
block the interaction of HLA-E and NKG2A to enhance anti-tumor immune responses [86].
NKG2A and CD94 can only perform their functions after forming heterodimers. For in-
stance, in klrd1-knockout mice, NKG2A could not form a heterodimer with CD94 due
to the lack of the gene encoding CD94, resulting in the absence of inhibition of NK-cell
maturation and development, as well as no reduction in the number and activity of NK
cells [147]. Likewise, in DBA/2J mice with spontaneous mutations in the Klrd1 gene, CD94
expression was prevented, yet normal NK-cell development was maintained following
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the induction of NKG2A expression, without significant immunosuppression [148]. CD94
was expressed in both CD8+T cells and CD4+T cells, whereas NKG2A was only expressed
in CD8+T cells. Thus, inducing CD94/NKG2A expression in mixed-culture lymphocyte
populations resulted in impaired CD8+T-cell activity, which was restored upon the addi-
tion of anti-CD94 antibodies [149]. These findings suggest that blocking the formation of
NKG2A/CD94 heterodimers can prevent downstream signaling pathways, thereby elimi-
nating the inhibitory effect on immune cells [75]. In conclusion, inhibiting the formation of
NKG2A/CD94 heterodimers can block the immunosuppressive signal of NKG2A, which
has significant implications for the development of anti-tumor drugs.

5. Summary and Outlook

Cancer has long been one of the leading causes of death in humans, and the in-
troduction of immune checkpoint inhibitors has opened new opportunities for cancer
therapy. However, a significant proportion of patients do not respond to immune check-
point inhibitors, and some solid tumors have primary resistance to immune checkpoint
inhibitors [150]. Therefore, the search for more effective immunotherapy is urgent. A
variety of TMEMs play important roles in cancer immunotherapy, and activating their
downstream signaling pathways can regulate the activity of immune cells and play a role
in killing tumor cells. The dimerization of TMEMs is often postulated to be the initial step
in controlling their downstream signaling pathways [151].

Drugs (e.g., monoclonal antibodies and small-molecule immune checkpoint inhibitors)
that regulate the dimerization of several TMEMs are under development, and some of
these compounds show good biological activity [77]. A breakthrough has been made in the
research of antibody immune checkpoint inhibitors; the U.S. Food and Drug Administration
(FDA) has approved seven types of monoclonal antibodies, but these drugs directly act
on immune checkpoint proteins and their ligands, which can cause multiple, nonspecific
toxic effects and side effects in some patients, which are expensive to treat [152,153]. In
contrast, research on small-molecule immune checkpoint inhibitors is still in its infancy.
Small-molecule inhibitors have the advantages of weak immune-related adverse reactions,
good penetration in tumor cells, and high bioavailability [154,155]. Despite many exciting
advantages, the regulation of the dimerization of transmembrane proteins using small-
molecule inhibitors still faces several challenges. First, although protein dimerization is
thought to act as an on–off switch for cascade signaling, small-molecule drug-regulatory
protein dimerization is not yet universally applicable, and most current research targets are
immune checkpoint proteins. Secondly, current research on these small-molecule drugs is
still in the initial stage, and the mechanism and characteristics of the drugs have not been
fully understood, so the development cost is high; the yield is low; and the time span is
long. Third, because these small-molecule inhibitors inhibit signaling pathways through
indirect action, their effects are generally weaker than those of antibodies, and there are
challenges to increasing their efficacy to antibody levels.

Indeed, cancer immune escape and immune tolerance might overpower drug monother-
apy; then, based on biomarker analysis, targeted combinational treatments might be needed
to achieve a meaningful immune response. Several promising novel immunomodulatory
therapies and their optimal combinations are currently under clinical investigation. How-
ever, severe immune-related side effects may be the result of disinhibiting the brakes of
the immune system, and their management must be contemplated. In conclusion, the
patient-specific configuration of immune-system–cancer-cell interactions and the specific
immune escape mechanism will need to be understood to guide personalized treatment
options for cancer immunotherapy.
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Abstract: The study of the electrical parameters of asolectin bilayer lipid membranes in the presence
of cytochrome c (cyt c) at various concentrations showed that an increase in the concentration of
cyt c leads to an increase in the membrane conductance and the appearance of through pores. The
studied membranes did not contain cardiolipin, which is commonly used in studying the effect of cyt
c on membrane permeability. In the presence of cyt c, discrete current fluctuations were recorded.
The occurrence of these fluctuations may be associated with the formation of through pores. The
diameter of these pores was ~0.8 nm, which is smaller than the size of the cyt c globule (~3 nm).
Measurements carried out at pH values from 6.4 to 8.4 showed that the concentration dependence of
the membrane conductance increases with increasing pH. To assess the binding of cyt c to the bilayer,
we measured the concentration and pH dependences of the difference in surface potentials induced
by the unilateral addition of cyt c. The amount of bound cyt c at the same concentrations decreased
with increasing pH, which did not correspond to the conductance trend. An analysis of conductance
traces leads to the conclusion that an increase in the integral conductance of membranes is associated
with an increase in the lifetime of pores. The formation of “long-lived” pores, of which the residence
time in the open state is longer than in the closed state, was achieved at various combinations of pHs
and cyt c concentrations: the higher the pH, the lower the concentration at which the long-lived pores
appeared and, accordingly, a higher conductance was observed. The increase in conductance and the
formation of transmembrane pores are not due to the electrostatic interaction between cyt c and the
membrane. We hypothesize that an increase in pH leads to a weakening of hydrogen bonds between
lipid heads, which allows cyt c molecules to penetrate into the membrane. This disrupts the order of
the bilayer and leads to the occurrence of through pores.

Keywords: bilayer lipid membranes; cytochrome c; electrical conductance; lipid pores

1. Introduction

The study of the interaction of cyt c with bilayer lipid membranes is of particular inter-
est since similar processes occur in mitochondria when programmed cell death (apoptosis)
is triggered. The exact mechanism of the interaction of fatty acids and acid phospholipids
with cyt c is unclear. Cyt c interacts with lipid membranes via electrostatic interactions,
hydrogen bonds, and hydrophobic effects [1–7]. Firstly, cyt c can be adsorbed on the
membrane surface. This binding is determined by the electrostatic interaction of positively
charged cyt c with negative charges on the membrane surface, which is stabilized by hydro-
gen bonds at low pH values [1]. Secondly, the hydrophobic interaction of fatty acid chains
of lipids with the hydrophobic internal structure of cyt c is possible [2,6,8]. Gorbenko
et al. [1] showed that at a physiological pH, a shallow cyt c location is assumed, whereas at
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a pH below 6.0, the protein tends to be inserted into the membrane core. In experiments,
these effects manifest themselves when the membrane contains cardiolipin, which is the
most likely candidate for the role of an anionic phospholipid that attaches cyt c to the inner
mitochondrial membrane [1,8–10].

Various physical methods are used to study cyt c–lipid interactions. Tuominen et al. [8]
used steady-state absorption and fluorescence spectroscopy to show the presence of the
extended lipid anchorage of cyt c to phospholipid membranes. In this mechanism, one of
the phospholipid acyl chains protrudes from the membrane and enters the hydrophobic
channel in cyt c, whereas the other chains remain in the bilayer. Bernabeu et al. [9] used
two-dimensional infrared correlation spectroscopy to study the interaction of cyt c with
phospholipids under temperature changes. The presence of a specific interaction between
the protein and vesicles containing cardiolipin was revealed. The adsorption of cyt c to
anionic lipid bilayers was studied using atomic force microscopy [6]. It was found that
cyt c inserts into the bilayer and resides in its hydrophobic core, changing the mechanical
properties of the bilayer.

It is well known that the interaction of cyt c with phospholipid membranes containing
cardiolipin leads to an increase in membrane permeability [10,11]. Bergstrom et al. [10] used
confocal fluorescence microscopy to visualize the leakage of cyt c across the membranes
of single giant unilamellar vesicles containing cardiolipin. The authors showed that cyt
c leakage occurs only in cardiolipin-containing membranes and attributed the leakage
to the opening of lipid pores formed by the cyt c–cardiolipin conjugate. The pore size
was estimated from the permeability values by comparing results to those obtained for
equinatoxin II, a member of the family of 20 kDa pore-forming toxins from sea anemones.
Permeability was also determined by the calculation of diffusive transport. Two obtained
approximate pore diameters of ~2 and ~20 nm were reasonably comparable to the diameter
of cyt c (~3 nm). The authors suggested that the pore-forming process may be related to the
ability of cyt c to induce a negative curvature stress upon binding to cardiolipin-containing
membranes.

Kitt et al. [11] used optical-trapping confocal Raman microscopy to investigate the
leakage of 3-nitrobenzenesulfonate from large unilamellar vesicles of dipalmitoylphos-
phatidylcholine and a dipalmitoylphosphatidylcholine–cardiolipin mixture. Cyt c-related
leakage was observed only in vesicles containing cardiolipin. These results suggest that
cyt c-induced permeability occurs due to the selective interaction of cyt c with cardiolipin.
This leads to the unfolding of the protein, whereas the unfolded form interacts with the
acyl chains of cardiolipin inside the bilayer, increasing the permeability of the membrane.

In [12,13], it was shown that the cyt c complex with cardiolipin is formed because of the
attachment of the cyt c molecule to the membrane surface due to an electrostatic interaction.
The subsequent insertion of one or two of the fatty acid chains of cardiolipin into the protein
globule, due to hydrophobic interactions, leads to increased cyt c peroxidase activity, which
in turn, increases membrane permeability [14]. It was shown in [15,16] that the addition
of cyt c and hydrogen peroxide to asolectin membranes containing cardiolipin leads to
the formation of pores, the size of which approximately corresponds to the size of a cyt c
globule with a diameter of about 3 nm. Note that the peroxidase activity of cyt c leads to
damage to the membrane structure (see, for example, [12–14,17]). We also note studies that
investigated the toxicity of the interaction of cyt c with various nanostructures, such as for
example, carbon nanotubes [18] or graphene nanosheets [19].

In [20], an effect of cyt c at different concentrations on the conductance of DIB (droplet
interface bilayer) membranes of diphytanoylphosphocholine, cholesterol, and cardiolipin
was investigated. Discrete current fluctuations of different amplitudes and durations were
registered. The conductance of electrical spikes observed ranged from 1000 to 8000 pS,
yielding pore diameter estimates ranging between 1.4 and 4.0 nm. The authors associ-
ated the occurrence of current spikes with the electrostatic interaction of cyt c with the
membranes.
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In [10,15,16,20], pores were registered in membranes containing cardiolipin. The
outer mitochondrial membrane, through which cyt c passes during apoptosis, does not
contain significant amounts of cardiolipin [21]. The asolectin used in our study is a natural
mixture of phospholipids and is similar in composition to the phospholipids of the outer
mitochondrial membrane. This makes it possible, to some extent, to simulate the interaction
of cyt c with anionic phospholipids of the outer mitochondrial membrane.

In [22], the mitochondrial matrix and cytosolic pH were measured during staurosporine-
induced apoptosis. Within an hour, the mitochondrial pH increased from 7.8 to 8.4, and the
cytosolic pH decreased from 7.4 to 7.0. These findings indicate that the alteration of the
intracellular pH may be an early event that regulates apoptosis.

In this paper, we investigated the influence of pH and cyt c on the electrical char-
acteristics of asolectin bilayer lipid membranes. The acid phospholipids in asolectin can
attach cyt c as cardiolipin does. We compared cyt c-induced conductances and membrane
surface potential differences at various pH values to find out what are the mechanisms and
processes that contribute to increased bilayer lipid membrane conductance.

2. Materials and Methods

2.1. Lipid, Cytochrome C, and Electrolytes

Asolectin (Avanti Polar Lipids, Alabaster, AL, USA) was used for the formation of
planar lipid bilayer membranes (BLMs). Bulk solutions containing 0.1 M KCl and 5 mM
Tris-HCl buffer (all reagents were of analytical grade) were used, and pH values were set
to 6.4, 7.4, and 8.4. Cyt c from a bovine heart (Merck KGaA, Darmstadt, Germany) water
solution of various concentrations (initial concentration being 5 mg/mL) was added to the
bulk solutions.

2.2. Planar Lipid Bilayer Membranes

The BLMs were formed according to [23] over a 0.5 mm2 circular hole in a 1 mm thick
wall of a Teflon chamber at a room temperature of 21 ± 1 ◦C. The wall separated two
compartments, each filled with 2.5 mL of the same electrolyte solution. The membrane-
forming solution contained 30 mg of lipids dissolved in 1 mL of n-decane. Before each
experiment, the vertical wall of the Teflon chamber was covered with a thin layer of dried
membrane-forming solution. Once a small droplet (~0.1 μL) of lipid solution was placed
below the hole, a bilayer was formed automatically in ~10 min. The formation of the
bilayer was followed by capacitance measurements. To estimate the specific capacitance
of the membrane, the area of the membrane formed on the hole was determined using
a microscope. The specific capacitances of the studied membranes were in the range of
3–4 nF/mm2.

Two methods of membrane formation were used in the measurements: a control
membrane was formed, and every 10 min, cyt c was added, or a membrane was formed
with cyt c previously added in the bulk solution.

The dependences of the conductance of asolectin membranes on cyt c concentration
were measured for three pH values. Four control membranes and three membranes for
each cyt c concentration were measured at pH 6.4; additionally, 9 and 5 membranes were
measured at pH 7.4, and 5 and 3 membranes were measured at pH 8.4.

2.3. Electrical Measurements

Ag-AgCl STREF1 electrodes (OHAUS Corporation, Parsippany, NJ, USA) were placed
into both compartments of the chamber. The membrane current was measured using a
VA-10X amplifier (NPI Electronics GmbH, Tamm, Germany) with a feedback resistance
of 5 GΩ and an integration constant of 20 ms. Current fluctuations were recorded with a
sampling rate of 1 kHz in a 16-digit ADC (L-Card, Moscow, Russia). All the measurements
were carried out at a room temperature of 21 ± 1 ◦C.
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2.4. Measurement of Conductance and Estimation of the Radius of Pores in the Membrane

A constant voltage was applied to the membrane in the voltage clamp mode. The
membrane current in the presence of cyt c shows quantized steps, which are usually
associated with the formation of through pores. Considering these pores as cylinders and
assuming that the electrolyte conductivity in the pore is equal to the conductivity in the
solution, we estimated the pore radius r by using the well-known formula [24,25]:

r =

√
Gh
πg

, (1)

where h = 5 nm is the membrane thickness, G is the pore conductance, and g = 1.04 S/m is
the conductivity of a 0.1 M KCl solution at room temperature.

2.5. Asymmetric Addition of Cyt C and Measurement of the Difference in Surface Potential

Surface potential is the difference between the membrane surface potential and bulk
solution potential. For a symmetrical membrane in the absence of an external voltage, the
difference between the surface potentials is zero. When charged molecules are adsorbed
on one side of the membrane, the non-zero difference in the surface potential occurs. For
homogeneous planar membranes with a homogeneous charge density, the surface potential
is well described by the equations of Gouy–Chapman [26]. This model is used in studying
the interaction of cyt c with membranes [1]. We used a method which was previously
described in [27] for the measurements of the surface potential change with a one-sided cyt
c addition to the membranes.

In the absence of cyt c, the surface potential depends on the number of the charged
lipids in the membrane. The surface charge density is equal to

σ0 = − eX
A

, (2)

where A is the area of a lipid molecule in the bilayer plane, e is the electron charge, and X is
the molar fraction of charged lipids. The negative surface potential ϕ0 can be calculated
using the Gouy–Chapman equation

σ0 =
√

8εε0RTCKClsinh
(

F
2RT

ϕ0

)
, (3)

where F is the Faraday constant, R is the gas constant, T is the temperature, ε is the
permittivity of water, ε0 is the vacuum permittivity, and CKCl is the concentration of KCl.
The one-sided addition of positively charged cyt c leads to the increase in the surface charge
by Δσ and the surface potential by Δϕ. In this case, the Gouy–Chapman equation is

σ0 + Δσ =
√

8εε0RTCKClsinh
[

F
2RT

(ϕ0 + Δϕ)

]
. (4)

The dependence between the surface charge Δσ and the cyt c concentration Ccyt in the
bulk solution is described by the Boltzmann equation

Δσ = zKCcyt exp
[
− F

RT
(zΔϕ + ϕ0)

]
, (5)

where z is the number of charges in the cyt c molecule, and K is the binding constant. From
Equations (3)–(5) we obtained the equation

√
8εε0RTCKCl

{
sinh

[
F

2RT (ϕ0 + Δϕ)
]
− sinh

(
F

2RT ϕ0

)}
=

zKCcyt exp
[
− F

RT (zΔϕ + ϕ0)
]
,

(6)
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whose numerical solution allows us to find the surface potential difference Δϕ.
The measurement method of the surface potential exploits the nonmonotonic voltage

dependence of membrane capacitance [28–30]. In [29], it was shown that the voltage
corresponding to the minimum of the capacitance current could be uniquely calculated
using current responses to upward and downward half-periods of the triangular voltage.
With an asymmetric addition of cyt c, the resulting difference in the surface potentials can
be compensated for by an external command voltage. A triangular alternating command
voltage with amplitudes in the range of 100–200 mV and frequencies from 0.5 to 1 Hz
was applied to the membrane and cyclic current-voltage characteristics were registered
(Figure 1a). The half-difference of the current responses to upward and downward half-
periods of the triangular voltage (Figure 1b) is proportional (if transitional processes are
excluded) to the membrane capacitance [29]. To assess the difference in surface potentials
for each concentration of cyt c and each pH, the voltage corresponding to the minimum
half-difference of the current responses was recorded and compared with the corresponding
data of the control membranes.

Figure 1. Cyclic current-voltage membrane characteristics (a) and the half-difference of the current
responses to the upward and downward half-periods of the triangular voltage (b).

We added the same bulk solution volume to the opposite compartment to eliminate a
differential pressure in the chamber caused by the cyt c addition.

3. Results

3.1. Conductance of Asolectin Membranes

It was found that membrane conductance increases with the addition of cyt c. Figure 2
shows an example of conductance traces when cyt c is added to a solution surround-
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ing an asolectin membrane at pH 6.4. The control conductance of the membrane was
70 ± 10 pS; after the addition of cyt c, it increased to 240 ± 10 pS. After another 4 min, the
basic conductance of the membrane decreased to about 230 ± 10 pS, and pores appeared in
the membrane. Conductance traces and histograms are presented in Figures 2–4 at pH 6.4,
7.4, and 8.4, respectively.

Figure 2. Conductance traces and histograms of asolectin membranes with symmetrical addition
of cyt c at pH 6.4: (a) control (red) and conductance after addition of 15 μM cyt c, (b) 26 μM, and
(c) 32 μM; 0.1 M KCl, 20 ms averaging.
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Figure 3. Conductance traces and histograms of asolectin membranes with symmetrical 24 μM
addition of cyt c at pH 7.4: (a–c) are three different membranes; 0.1 M KCl, 20 ms averaging.

Figure 5 shows the dependences of the conductance of asolectin membranes on the
concentration of cyt c in the surrounding solution at different pHs. The average conduc-
tance was measured at a given concentration one minute after the addition of cyt c. The
results obtained show that the membrane conductance increases with an increase in the
concentration of cyt c. At the same time, the conductance increases with an increase in
pH from 6.4 to 8.4 at the same concentration of added cyt c. Figure 5 shows the standard
errors of measurements carried out on different membranes. The variance of conductance
from membrane to membrane under the same experimental conditions is significant and
increases with an increase in the concentration of cyt c. For example, Figure 3 shows the
traces of three membranes measured under the same conditions: pH 7.4 and 24μ M cyt
c. The conductances of these three membranes are 170 ± 30, 630 ± 70, and 240 ± 30 pS
(SDs are indicated after the ± signs). The average conductance for all three membranes is
350 ± 140 pS (SE is indicated after the ± sign).
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Figure 4. Conductance traces and histograms of asolectin membranes with symmetrical addition of
cyt c at pH 8.4: (a) 5 μM, and (b) 15 μM; 0.1 M KCl, 20 ms averaging.

Figure 5. Dependence of the conductance of asolectin membranes on the cyt c concentration C. Cyt
c additive is symmetrical, 0.1 M KCl. The approximating curves (dotted lines) show an increase in
conductance with the addition of cyt c: 0.3 C1.8 at pH 6.4, 0.4 C1.9 at pH 7.4, and 16 C1.0 at pH 8.4.
Circles and squares show the appearance of short-lived and long-lived pores, respectively. Standard
errors are shown.

We approximated the experimental dependences at different pHs by using the expres-
sion:

S = S0 + aCn,

where S0 is the conductances of membranes at different pHs without cyt c, and a and n
are the approximating coefficients. For linear approximation, we took the logarithm of the
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conductance increment S − S0 (see Supplementary Materials, Figure S1). At pH 6.4, 7.4,
and 8.4 we obtained the expressions S − S0 = (0.3 ± 0.2) C1.8±0.4, (0.4 ± 0.3)C1.9±0.5, and
(16 ± 9) C1.0±0.4 (see Figure 5, dotted lines), respectively.

The concentration of cyt c varied from 5 to 33 μM depending on pH. When the
conductance reached ~300 pS, the membranes were destroyed. This occurred for the 15 μM
cyt c concentration at pH 8.4, for 25 μM at pH 7.4, and for 32 μM at pH 6.4. We believe that
the causes of membrane instability are associated with the formation of a large number of
defects. This effect is similar to that of SDS at subsolubilizing concentrations on asolectin
membranes [31].

3.2. Characteristics of Through Pores

The increase in conductance is accompanied by the appearance of discrete current
fluctuations, which are usually associated with the appearance of through pores in the
membrane (see Figures 2–4). The appearance of pores is a random event, and therefore,
conductance fluctuations are not recorded in all membranes. At pH 6.4, with a cyt c
concentration greater than 12 μM, pores appeared in 71% of membranes. At pH 7.4, with
a cyt c concentration greater than 14 μM, pores appeared in 63% of membranes. At pH
8.4, pores appeared in 86% of membranes when cyt c was added. The registered current
pulses are characterized by four parameters: shape, amplitude, duration τ, and frequency
of occurrence f. Rectangular (Figures 2c, 3 and 4b) and non-rectangular (Figures 2b and 4a)
pulses were obtained. The rectangular shape of the pulse corresponds to the formation
of pores of a constant size. The radius of an equivalent cylindrical pore can be estimated
by Formula (1). The observed rectangular pulses correspond to pores with a conductance
of 100 ± 40 pS, which corresponds to pore radii in the range of 0.3–0.5 nm. Pulses with a
short duration, close to the amplifier time constant of 20 ms, are distorted, have a triangular
shape, and have a lower amplitude (Figures 2c, 3 and 4b). Note that the pore sizes are
smaller than the size of the cyt c globule.

The temporal characteristics of the observed pulses differ greatly. Conventionally, they
can be divided into three groups:

• Pulses with a duration much less than the interpulse interval τ � 1
f . For the trace

in Figure 3a, the average pulse duration is τ = 100 ± 90 ms, and the frequency is
f ≈ 2 Hz).

• Pulses with a duration approximately equal to half of the interpulse interval. For the
trace in Figure 3c, the average pulse duration is τ = 60 ± 40 ms, and the frequency is
f ≈ 8 Hz. In this case, in the conductance histogram there are two peaks of approx-
imately the same size. The distributions of the durations of the opened and closed
states are presented in the Supplementary Materials (Figure S2).

• Pulses with a duration slightly less than the interpulse interval τ � 1
f (Figures 2c, 3b and 4).

For the membrane in Figure 3b, the average pulse duration is τ = 1.5 ± 1.9 s, and the
frequency is f ≈ 0.6 Hz).

We will conditionally call the pores of the first and third groups “short-lived” and
“long-lived”, respectively. The concentrations of cyt c and membrane conductances at
which short-lived and long-lived pores are observed are shown in Figure 5 by circles
and squares, respectively. For example, at a pH of 7.4, a concentration of 14 μM, and a
conductivity of 115 pS, a circle is drawn. This means that short-lived pores are registered
in the membranes under these conditions. As can be seen from Figure 5, long-lived pores
appear at higher cyt c concentrations. At all pH values, the presence of long-lived pores
correlates with the high integral conductance of the membrane.

We also note that the appearance of pores is not a stationary process. This can be seen,
for example, in Figure 2b: a burst (or two bursts) of conductance with a duration of ~10 s
was registered, during which several (more than 10) pores appeared. However, neither
before nor after that for 20 s were there any pores.
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3.3. The Dependence of the Cyt C-Induced Difference in the Surface Potentials on pH

Figure 6 shows the experimental dependences of the difference in the surface potentials
on the concentration of cyt c with the one-sided addition to the bulk solution at different
pHs. An example of a cyt c-induced shift in the capacitive current minimum is presented
in the Supplementary Materials (Figure S3). The results obtained show that the surface
potential difference increased with an increasing concentration of cyt c. However, the cyt
c-induced potential difference increased more at a lower pH.

Figure 6. Experimental (markers) and calculated (curves) dependences of surface potential differ-
ences, as well as calculated dependences (dotted line) of the ratio of the number of cyt c molecules
adsorbed on the membrane to the number of lipid molecules in the membrane, on the cyt c concen-
tration at different pHs: 6.4 (green), 7.4 (red), and 8.4 (blue). Calculated parameters: for pH 6.4, the
binding constant K = 3000 C·m−2·M−1, and the number of charges of the cyt c molecule z = +8.5; for
pH 7.4, K = 110 C·m−2·M−1, z = +7.25; and for pH 8.4, K = 1 C·m−2·M−1, z = +6. The bulk solution is
0.1 M KCl.

Calculating the surface potential in the absence of cyt c, we assumed that for an
asolectin membrane at ~ pH 6, the fraction of charged lipids X is equal to 23% [30]. In the
pH range 6–8.4, according to [32], phosphatidic acid (~3% in asolectin) changes its charge
from –1.4 to –2. At pH 8.4, 4% of phosphatidylethanolamine molecules (~20% in asolectin)
dissociate and become single-charged anions. In the pH range 6–8.4, phosphatidylinositol
(~20% in asolectin) is a single-charged anion and the total charge of phosphatidylcholine
(~50% in asolectin) is equal to zero. Thus, at pH 6.4 the percent of charged lipids is equal
to X = 23.8%, whereas at pH 7.4 it is 24.9%, and at pH 8.4 it is 25.9%. The surface charges
σ0 calculated by Formula (2) are equal to –6.4 (pH 6.4), –6.6 (pH 7.4), and –6.9 (pH 8.4)
μC/cm2. In this calculation, the area of a lipid molecule in the bilayer plane was considered
to be 0.6 nm2 [33]. The surface potentials ϕ0 calculated by Formula (3) are equal to –66 (pH
6.4), –68 (pH 7.4), and –69 (pH 8.4) mV.

Figure 6 also shows the dependences of the differences in surface potentials on the
concentration of added cyt c calculated by Equation (6) at various pH values. The bind-
ing constant is used as a fitting parameter. The curves are in good agreement with the
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experimental data. Figure 6 also shows the dependences of the surface charge Δσ on the
concentration of cyt c calculated by Formula (5) at various pH values. The number of cyt c
molecules per lipid molecule was determined as ΔσA/ze. The calculation shows that, at
pH 6.4 and 7.4, cyt c molecules quite densely cover the membrane surface.

4. Discussion

Our measurements of cyt c-induced surface potential differences show that with a
decrease in pH, the adsorption of cyt c molecules on the surface of asolectin membranes
increases. Meanwhile, this does not lead to an increase in the conductance of the membrane,
but on the contrary, the conductance increases with the increase in pH.

It is known that with an increase in pH from 6.4 to 8.4, the charge of cyt c decreases lin-
early from +8 to +6.5, or by 19% [34,35]. On the other hand, in this pH range, deprotonation
of the polar heads of the acid lipids contained in asolectin occurs, which increases the nega-
tive surface charge of the membrane by ~8%. Thus, an increase in pH should lead to the
weakening of the electrostatic interaction and to a decrease in the number of cyt c molecules
adsorbed on the membrane surface (at a given cyt c concentration), which is observed
in the experiment (Figure 6). However, the calculation shows that the binding constant
K (fitting parameter) increases by about three orders of magnitude with the decrease in
pH from 8.4 to 6.4. Such a difference in the values of the binding constants indicates the
involvement of other interactions in the binding process. Since the number of protonated
molecules sharply increases at a low pH, it can be assumed that the increase in binding
between cyt c and lipids is due to an increase in the number of hydrogen bonds between
them. This assumption is in line with [1] in which the enhancement of cyt c binding to
liposomes containing cardiolipin was obtained at a lower pH. An increase in the number
of protein-binding sites on the bilayer surface due to hydrogen bonds with protonated
molecules was considered as a possible explanation for this dependence. In turn, such a
modification is most likely to involve changes to the acid lipid protonation. Since the acid
lipids contained in asolectin are known to exhibit peculiar protonation behavior [32,36],
the increase in the amount of partially protonated species is most likely to account for the
increased extent of cyt c binding to liposomes at a lower pH.

The data obtained in the experiment (Figure 5) show that the form of the dependence
of the membrane conductance on the cyt c concentration strongly depends on pH. At the
same concentration of cyt c, the greatest increase in conductance is observed at high pH
values. This does not correlate with similar dependences of the surface potential difference
and, accordingly, the number of bound cyt c molecules. It is possible that the pH-induced
modification of the bilayer surface plays a key role not only in the observed enhancement
of cyt c–membrane association at a low pH, but also in the change in permeability. The
increase in pH leads to the destruction of hydrogen bonds between lipid heads. It is known
that the increase in pH leads to a significant change in the lateral properties of the anion
lipid bilayers, where the temperature of the phase transitions from the liquid state to the gel
phase decreases, the fluidity rises, and the molecular packing density decreases [32,36–38].

Studies performed on monolayers have shown that alteration of the lateral structure
of the bilayer at a high pH can lead to increased cyt c-induced changes in the lipid bilayer,
facilitating pore formation [39,40]. Cyt c molecules penetrate into the monolayer for low
surface pressures and are reversibly squeezed out at higher pressures [41]. A compressibility
study showed that the adsorption or intermolecular aggregation of cyt c molecules on the
lipid monolayer changes the fluidity of the membrane [7].

The hydrophobic interaction of proteins with membrane lipids is associated with
anchoring the penetration of fatty acid chains to the protein thickness. This interaction
leads to a change in the conformation of both cyt c and in the properties of the lipid layer.
In this case, anchoring can occur in the presence [2] and in the absence [3] of cardiolipin in
the membrane. Both electrostatic and hydrophobic interactions lead to the binding of cyt c
on the membrane surface, and in our experiment, it is not possible to distinguish one from
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the other. In any case, the adsorption of cyt c on the surface cannot explain the increase in
conductance and the appearance of pores.

If the protein remains on the membrane surface or anchors, then the cyt c molecule
can create a heterogeneous structure in the form of an ordered cluster surrounded by a
less ordered structure. The heterogeneity in the membrane can contribute to an increase in
the number of defects in it, which can lead to an increase in conductance. The mechanism
under consideration is similar to the processes taking place at the phase transitions of
lipids. The phase transition from the liquid state to the gel phase is accompanied by the
appearance of discrete pores (see, for example, [42]).

On the other hand, the protein can be immersed into the membrane. This is easier to do
at a higher pH when the charge of the cyt c molecule decreases. In [5,6], the immersion of cyt
c into membranes of dioleoylphosphatidylglycerol at a low ionic strength was considered.
In [6], it was stated that cyt c insertion changes the mechanical properties of the bilayer
significantly. Note that anchoring was not considered in [5,6]. The degree of immersion of
the cyt c molecule in a bilayer containing cardiolipin was studied in [1]. It has been shown
that the estimates of the heme distance from the bilayer center suggest a shallow bilayer
location of cyt c at a physiological pH, whereas at a pH below 6.0, the protein tends to insert
into the membrane core. These data show that the change in pH affects the immersion of
the cyt c molecule in the bilayer, but they are obtained for bilayers containing cardiolipin,
and immersion occurs at a pH < 6, whereas our data suggest a possible increase in the cyt c
immersion in the bilayer at a pH ~8.4.

It was shown in [10,15,16] that cyt c can form pores in a membrane containing car-
diolipin, both in the absence [10] and in the presence of hydrogen peroxide [15,16]. The
authors consider the formation of pores to be the result of cyt c peroxidase activity. Note
that neither cardiolipin nor hydrogen peroxide were used in our experiments; however, the
formation of pores, which is quite intense (see Figures 2–4), has been registered. It cannot
be excluded that the occurrence of pores is associated with weak cyt c peroxidase activity,
but other possible causes of pore formation should not be neglected.

If we assume that cyt c molecules are significantly immersed in the bilayer, then
the increase in conductance may not be related to the specifics of cyt c. In this case, the
globules disrupt the structure of the bilayer, which can lead to the formation of pores in
the membrane. This interaction of cyt c with the bilayer is similar to the interaction of
hydrophobic nanoparticles with the membrane. It was shown in [43] that cobalt ferrite
nanoparticles form the through pores in asolectin and diphytanoylphosphatidylcholine
membranes.

The nonlinearity of the conductance versus concentration at pH 6.4 and 7.4 indicates
that the increase in conductance is determined by several concentration-dependent pro-
cesses. Perhaps these are the ones described above: the adsorption of cyt c on the membrane
surface, which increases with the increasing concentration of cyt c (see Figure 6, dotted
lines), and the penetration of the protein into the membrane, which is greater, when the
concentration of cyt c is greater. Each effect independently increases membrane conduc-
tance, but they can act together. In this case, the increase in conductance with an increasing
concentration is quadratic, which we can see in Figure 5 at pH 6.4 and 7.4. Comparing the
data presented in Figures 5 and 6 at pH 8.4, it can be concluded that the adsorption of cyt
c on the membrane surface does not affect the increase in conductance. Consequently, at
pH 8.4, only the penetration of the protein into the membrane sets the linear increase in
conductance.

Let us consider the pores registered in the experiment. Pores appeared after the cyt
c concentration reached 5, 12, and 14 μM at pH 6.4, 7.4, and 8.4, respectively. At higher
concentrations the duty cycle τ f increases with an increase in the cyt c concentration. This
value, τ f , determines the average number of pores in the membrane at a given moment.
An increase in the lifetime leads to an increase in the integral membrane conductance. Thus,
only the duration of the open state of the pore increases significantly with an increase in
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cyt c concentration. Other parameters of the pore (the size and the frequency of occurrence)
are not changed significantly.

Due to the decrease in hydrogen bonds between the polar heads of acid lipids, the
packing density of lipid heads decreases with increasing pH. This simplifies the penetration
of cyt c molecules into the membrane. The lateral interaction of discrete charges of cyt
c can also reduce the packing density. The presence of cyt c globules in the membrane
leads to the occurrence of mechanical stresses, increased fluctuations, and the formation
of defects, which contributes to the formation of through pores. At high concentrations of
cyt c, mechanical stresses in the membrane increase, and the presence of the through pore
is energetically more favorable than its absence. This is confirmed by the occurrence of
long-lived pores.

Rectangular current pulses imply the presence of two local minima of energy asso-
ciated with the open and closed states of the pore. The times of the open τ and closed
Θ = 1

f − τ states of the pore are related to its energy characteristics by these ratios (see, for
example, [44]):

τ =
1

νVpore
exp

(
Emax − Eopen

kT

)
, (7)

Θ =
1

νV
exp

(
Emax

kT

)
, (8)

where ν is the attempt rate density of membrane lipids, Vpore and V are the membrane
volumes whose molecule fluctuations can lead to the closure and opening of the pore,
respectively, Emax is the value of the energy barrier between the open and closed states of
the pore, Eopen is the energy of the open pore (the energy of the closed pore is E close = 0), k is
Boltzmann’s constant, and T is the temperature (see Figure S4 in Supplementary Materials).
Suppose that in Figures 2c and 3, except for multilevel fluctuations, the same pore closes
and opens. In this case, in Equations (7) and (8), the volumes are equal, Vpore = V, and

by dividing the equations, we can find Eopen: τ
Θ = exp

(
− Eopen

kT

)
. For the cases shown in

Figures 3a and 4a, the difference in energy between the open and closed states of the pore is
in units of kT: for short-lived pores, Eopen = 1.4kT; for fluctuations in Figure 3c, Eopen = 0;
and for long-lived pores, Eopen = −2.2kT. The slight differences in the energies of the open
and closed states of the pore show that the formation of a pore does not lead to a significant
change in the mechanical stresses in the bilayer.

To calculate Emax, the literature data on the attempt rate density should be used.
However, estimates of this value differ by orders of magnitude, and we did not consider it
possible to present the results of calculations in the text of this article. They can be found in
the Supplementary Materials (Table S1).

It is worth noting how the pores close by analyzing the intervals A and B in Figure 3c.
In both cases, the conductance level decreases. However, in the case of A, fluctuations with
a frequency of ~8 Hz do not stop. It follows from this that the pore changing its state with a
frequency of 8 Hz has not closed, but the other conductance structure in the membrane has
closed. In case B, the fluctuations stop. This means that the observed pore was closed for
~0.5 s. In Figure 2c, for ~4 s, three negative rectangular pulses of different amplitudes are
visible. Perhaps it was a closure of three pores of different sizes. However, it is more likely
that the same pore changed its size. Moreover, in all three cases, the pore is in a metastable
state. Note that a similar result was obtained in [45], where the metastable pores were
formed in the diphytanoylphosphatidylcholine membrane, which interacted with cobalt
ferrite nanoparticles.

5. Conclusions

The cyt c-induced conductance of asolectin membranes depends on its concentration
and significantly depends on the pH at a medium range from 6.4 to 8.4. For the same con-
centration of cyt c, the conductance is greater at a higher pH. Note that in the mitochondria
and in the cytosol, the pH values are different and changed in the initial stage of apoptosis.
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Thus, by changing the pH, it is possible to change the conductance of the membrane with
which cyt c interacts.

The unilateral addition of cyt c leads to the appearance of a difference in surface
potentials. The measurement of this value at various concentrations and pHs shows
an increase in cyt c binding at a low pH. A comparison of the experimental data with
the calculation by the Gouy–Chapman formula shows that in order to agree with the
experiment at low pH values, the binding constant must be three orders of magnitude
higher compared to pH 8.4. This shows that at a low pH, cyt c binding occurs mainly
through hydrogen bonding, a hydrophobic interaction, or other mechanisms.

At all three pH values, long-lived pores occur—a state in which a high level of con-
ductance (state of an open pore) is maintained most of the time. The concentration value
at which such a state is reached is minimal for a high pH. This suggests that the structure
of the lipid bilayer changes in this region due to lateral electrostatic interactions of depro-
tonated acid lipids and cyt c molecules associated with the bilayer, and due to possible
perturbations of the hydrophobic part of the lipid bilayer, which leads to an increase in
fluctuations in the bilayer, as well as the appearance of structural defects and mechanical
stresses that contribute to the appearance of pores. A possible reason for the increase in
conductance at high pH values can also be a decrease in the packing density of lipids in
the bilayer and an increase in fluidity due to the breaking of hydrogen bonds between
deprotonated acid lipids.

In the presence of cyt c, through pores with a diameter of ~0.8 nm (which is less than
the size of the cyt c globule ~3 nm) appear in the membrane. Note that previously, cyt
c-induced pores in membranes were registered only in the presence of cardiolipin, which
was not used in our study. At low concentrations of cyt c, short-lived pores appear in the
membrane, in which the time spent in the open state is less than that spend in the closed
state. With an increase in the concentration of cyt c, long-lived pores appear, the lifetime of
which is longer in the open state than in the closed one. Thus, the increase in conductance
is due, among other things, to an increase in the lifetime of pores, and not to an increase in
the frequency of their appearance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes13030268/s1, Figure S1: Experimental (markers)
and approximating (dotted lines) dependences of conductivity increment on cyt c concentration
at different pHs; Figure S2: Distributions of the durations of the open and closed states of pores
presented in Figure 2e; Figure S3: The half-difference of membrane currents in control and after
one-sided addition of 5 μM cyt c; Figure S4: Energy diagram for the long-lived pore; Table S1: Energy
barrier between the open and closed states of a pore. Refs. [46,47] have been cited in supplementary
materials.
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Abstract: Uropathogenic Escherichia coli (UPEC) are one of the most common agents of urinary tract
infection. In the last decade, several UPEC strains have acquired antibiotic resistance mechanisms and
some have become resistant to all classes of antibiotics. UPEC outer membrane proteins (OMPs) seem
to have a decisive role not only in the processes of invasion and colonization of the bladder mucosa,
but also in mechanisms of drug resistance, by which bacteria avoid killing by antimicrobial molecules.
This systematic review was performed according to the PRISMA guidelines, aiming to characterize
UPEC OMPs and identify their potential role in antimicrobial resistance. The search was limited to
studies in English published during the last decade. Twenty-nine studies were included for revision
and, among the 76 proteins identified, seven were associated with antibiotic resistance. Indeed,
OmpC was associated with β-lactams resistance and OmpF with β-lactams and fluoroquinolone
resistance. In turn, TolC, OmpX, YddB, TosA and murein lipoprotein (Lpp) were associated with
fluoroquinolones, enrofloxacin, novobiocin, β-lactams and globomycin resistances, respectively.
The clinical implications of UPEC resistance to antimicrobial agents in both veterinary and human
medicine must propel the implementation of new strategies of administration of antimicrobial agents,
while also promoting the development of improved antimicrobials, protective vaccines and specific
inhibitors of virulence and resistance factors.

Keywords: antimicrobial resistance; bacterial proteins; outer membrane proteins; uropathogenic
Escherichia coli

1. Introduction

Uropathogenic Escherichia coli (UPEC) are the most common agents of urinary tract
infection (UTI), in both humans and pets [1,2]. It is estimated that UPEC are responsi-
ble for more than 80% of UTIs in humans and between 30 to 69% of UTIs in pets [1,3].
A successful combination of virulence factors confers to these strains an increased capacity
of ascending through the urinary tract, colonizing, invading and disseminating in the blad-
der mucosa. From there on, they can continue to progress to the kidneys (pyelonephritis)
as well as enter the bloodstream, causing bacteremia [4]. UPEC strains are mainly classified
into virulent-phylogroup B2, possessing specific and diverse virulence factors responsible
for colonization, invasion and dissemination; to a lesser extent, they are also included in
phylogroup D [1,5].

The treatment of UTI relies on antibiotic therapy, such as trimethoprim-sulfamethoxazole,
fluoroquinolones and cephalosporins, representing the first-line empirical antibiotics [1,6,7].

Membranes 2022, 12, 981. https://doi.org/10.3390/membranes12100981 https://www.mdpi.com/journal/membranes
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According to the European Center for Disease Prevention and Control (ECDC), more than half
(58.3%) of the E. coli isolates reported in 2018 were resistant to at least one of the antimicrobial
groups (i.e., aminopenicillins, fluoroquinolones, third-generation cephalosporins, aminoglyco-
sides and carbapenems) [8]. The dramatically increasing rate of multidrug-resistant strains
carries a higher risk of treatment failure, entailing increased costs in health care [2,9]. In fact,
resistance to carbapenems, a class of antibiotics used to treat some of the most severe bacterial
infections, and resistance to colistin, also a last-line antibiotic, have been described in UPEC
isolates [10,11].

Despite a deepening awareness of antimicrobial resistance selection among companion
animals, many antimicrobials paramount for human health are used in pets [12]. As people
and companion animals share routines and living spaces, the circulation of multi-resistant
UPEC strains between companion animals and their owners is of concern, as these strains
carry with them virulence and resistance factors [12,13]. Indeed, multiple human associated
extended-spectrum cephalosporin-resistant UPEC strains have been isolated from cats and
dogs, suggesting clonal dissemination [1].

Whenever antimicrobials are used, bacteria inevitably develop resistance mechanisms,
including the modification of proteins of the outer membrane (for example, the loss of
porins) [14]. Among Gram-negative bacteria, as is the case of E. coli, the presence of
the outer membrane is key feature, conferring a crucial and impermeable barrier to the
passage of toxic chemicals, such as antibiotics [15,16]. The outer membrane is composed
by phospholipids, lipopolysaccharides (LPS), and a myriad of proteins (outer membrane
proteins—OMPs), from which OMPs represent approximately half of the cell wall of Gram-
negative bacteria [17]. OMPs are responsible for several functions, such as antibiotic and
iron transportation, host mucosal adhesion and membrane integrity [5].

OMPs of UPEC, such as flagella, fimbriae, porins, iron receptors and efflux pumps,
possess distinctive features, which allow them to invade and colonize the bladder mu-
cosa, representing a crucial tool for both UTI development and antimicrobial resistance.
Therefore, since the OMPs are on the bacterial surface, they represent critical targets for
the development of improved antimicrobials, protective vaccines and new therapeutic
strategies [18].

Through an extensive systematic method, this review aims at an in-depth characteri-
zation of the proteins of the outer membrane of UPEC, highlighting the OMPs and their
role in antimicrobial resistance.

2. Materials and Methods

This systematic review was performed according to the relevant points of the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines [19].

2.1. Selection Strategy

In September 2022, an independent researcher (I.C.R.) searched the PubMed database
without language restrictions in the past ten years (since 2012). Peer-reviewed studies
describing antimicrobial susceptibility patterns in terms of proteins located in the outer
membrane of UPEC isolated from human or pet samples of any age and region were
included in this review. Studies published in a language other than English or Portuguese,
publications comprising editorials, comments, letters to the editor, guidelines, theses,
books and scientific meeting abstracts, literature reviews or case reports, studies performed
specifically in ESBL and/or related to other bacteria and that did not mention uropathogenic
E. coli or UTI in the title, publications without a description of outer membrane proteins,
and studies published before 2012 were excluded. The author (I.C.R.) also reviewed the
reference lists from the review articles reported in the PubMed and Web of Science searches
to identify possible additional articles for inclusion. A combination of the following search
terms was used: Uropathogenic Escherichia coli AND membrane proteins. In order to
evaluate a potential inclusion in this study, titles and search results were examined.
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2.2. Selection Process and Data Extraction

All search results were exported to Microsoft Office™ Excel. Results from the initial
search were evaluated separately by the two review authors (I.C.R and S.C.R.) according
to the inclusion criteria. First, the results were screened by reading the article titles and
excluding articles that were not relevant according to the inclusion criteria. Afterwards, the
study abstracts were evaluated and non-relevant articles were excluded. Finally, the full-
text articles selected by the two reviewers were collected and assessed for their relevance
relative to the inclusion criteria. Any disagreements regarding the eligibility of studies
were reconciled at the final step by discussion and consensus.

Upon the final consensus, the following data were extracted from each selected study
and validated by the second author (S.C.R.) elaborating a systematic database:

Title, authors and outer(s) membrane(s) detected;
Samples origin and type;
Method used for the detection of outer membrane protein;
Group of outer membrane protein;
Description of outer membrane protein;
Function of outer membrane protein.

2.3. Quality Assessment

Risk of bias (RoB) was examined using the Newcastle–Ottawa scale (NOS) quality
assessment scale for cohort studies [20]. The used scale was adapted from the NOS and
the assessment was based on three criteria: sample (maximum of 3 points), comparability
(maximum of 2 points) and outcome (maximum of 3 points). This was done by I.C.R. and
S.C.R. and three categories were decided: low RoB (rating 7 to 8 points), moderate RoB
(rating 5 to 6 points) and high RoB (rating from 0 to 4 points). No article was excluded
based on this assessment.

3. Results

3.1. Description of Studies

The PRISMA flow diagram summarizes the number of records screened and included
(Figure 1). The characteristics and methodological quality of the included studies are
presented in Table 1. The literature search using PRISMA identified a total of 1122 studies.
After removing the duplicates, 569 were screened for eligibility. After the screening of
titles and abstracts, 520 studies were excluded. Full texts of the remaining 48 studies were
read and 22 more studies were excluded. At the end, 29 publications were included in this
systematic review.
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3.2. Quality Assessment

Based on the quality assessment of studies using the NOS assessment, three studies
scored 8 points [14,17,25], which could be regarded as good studies. Another fourteen
recorded 7 points, being classified as low Rob [4,9,18,22–24,26,31,33,34,37,38,40,42]. Lastly,
twelve studies scored 5–6 points [5,6,10,21,27–30,32,35,39,41], and could be regarded as
satisfactory studies.

3.3. Characteristics of Studies and Outcomes Measures

Characteristics of the included studies are presented in Table 1. In a total of 29 studies,
24 encompassed only human isolates [4–6,9,10,17,18,21–26,28,29,31,33–41], one study com-
prised human and avian isolates [32] and one regarded only dog isolates [14]. Among the
first group, seven studies included urine isolates [4,17,35,36,38–40]; fourteen comprised
urine and blood isolates [5,6,9,10,18,23,24,26,28,29,31,33,34,37]; three studies involved urine,
blood and fecal isolates [21,22,25]; and one study addressed fecal, urine and vaginal sam-
ples as well as cerebrospinal liquid. Regarding animal samples, only one study evaluated
dog samples [14] and a different one included avian fecal samples along with human
isolates [32].

Considering the methodology used to identify directly the OMPs of UPEC strains,
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) was performed in
eleven studies [4,17,18,22,25,26,31,33,34,38,40], Western blot (WB) in eight
[4,22,25,26,34,38,40,41], nano-liquid chromatography tandem mass spectrometry (nLC-
MS/MS) in three [5,14,37], liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) in two [5,24], two-dimensional difference gel electrophoresis (2D DIGE)
in two [14,18], fast protein liquid chromatography (FPLC) in one [30] and tandem mass
spectrometry in one [18]. In order to evaluate the function of a specific OMP and/or their in-
direct presence, adhesion methods were performed in seven [21,28,29,31,37,38,40], biofilm
assays were performed in six studies [31,33,37,39–41], hemagglutination assays (HA) in
three [28,29,31], an invasion method in four [4,28,29,40], crystallization and structure deter-
mination in three [10,24,27], immunofluorescence imaging in three [10,40,41], proteolytic
activity in three [22,25,29], autoaggregation assays in two [40,41], immunoblot analysis in
two [21,33], membrane integrity assays in two [22,23], motility assays in two [31,33], bacte-
riophage adsorption assay in one [6], a chelator assay in one [6], dose response analysis in
one [6], electron microscopy in one [28], an extracellular matrix binding method in one [41],
high-throughput screen (HTS) in one [6], in silico docking in one [10], molecular docking
studies in one [35], a nematode killing assay in one [33], a polymorphism study in one [9],
survival studies in one [4] and transmission electron microscopy (TEM) in one [37].

3.4. Characterization of Outer Membrane Proteins of UPEC

Several proteins were identified as constitutively part of the UPEC strains outer
membrane. One study described the role of the BamA protein [21], nine studies described
fimbriae and their function [4,5,10,24,27,28,37,39,40] and another ten characterized the
porins found in UPEC isolates [5,14,17,22,23,25,29,32,33,35]. Seven studies described the
role of lipoproteins [4–6,18,26,31,34], three studies described the importance of efflux
pumps [33,35,36], three studies identified iron receptors and siderophores in the outer
membrane of UPEC [5,6,18], one study identified TosA protein and its role [38] and one
study identified Traf and Ydef [5]. In addition, two studies described the importance of
flagella in UPEC motility, encoded by flagellin (FliC) [4,31], and three studies characterized
the role of the phase-variable antigen 43 autotransporter protein (Ag43) [5,40,41].

ChuA, FepA, FyuA, NmpC, OmpA, OmpC, OmpF, OmpT, OmpX and SlyB proteins
were identified in more than 80% of UPEC strains [5]. According to Wurpel et al. [5], Omp A,
OmpX and OmpC were present in all UPEC isolates, while OmpT, NmpC and OmpF were
identified in 96%, 89% and 83% of UPEC isolates, respectively.
Dehghani et al. [17] have also identified OmpA and OmpC as the most prevalent pro-
teins in the outer membrane of the studied UPEC.
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All of the identified proteins have an essential function as described in Table 2. The
functional diversity of the OMPs ranges from motility and adhesion (flagella, fimbriae,
adhesins) to survival within the urinary tract (iron receptors, siderophores and efflux
pumps) [4,5]. Their individual or joint action in the host tissue entails a high level of
virulence and pathogenicity, leading to severe UTI symptoms [33,35,36,39].
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3.5. Association to Antimicrobial Resistance

Association to antimicrobial resistance was found for TosA, TolC, Lpp, OmpC, OmpF,
OmpW and YddB [14,17,23,32–36,38]. Xicohtencatl-Cortes et al. [38] found that TosA, a
nonfimbrial adhesin, binds to host epithelial cells receptors from the upper urinary tract,
contributing to the pathogenesis of UPEC. The same authors suggested that UPEC strains
producing TosA exhibited a strong association and antimicrobial resistance to β-lactam and
non β-lactam antibiotics, such as penicillin, β-lactamase inhibitors and inhibitors of the
folate pathway [38].

Overexpression of the AcrA–AcrB–TolC efflux pump complex (QepA and OqxAB)
increases antimicrobial resistance of UPEC strains towards β-lactams (mainly cefoxitin),
chloramphenicol, cyclines and, notably, quinolones [33,35]. Pantel et al. [33] suggested that
the increased efflux capacity of E. coli strains involves several efflux pumps from different
families, as well as other genes encoding efflux systems less frequently described in clinical
resistance (acrEF, mdfA, yhiV, acrD and tehA) that were highly overexpressed.

According to Tavio et al. [36], the AcrA–AcrB–TolC efflux pump is the major mul-
tidrug efflux transporter in E. coli, allowing the passage of fluoroquinolones, among other
antimicrobials.

Pantua et al. [34] found that the deficient production of Lpp leads to an increased
OM permeability, a leakage of periplasmic components and an increased outer membrane
vesicle release. The same authors also described that complete deletion of Lpp causes
globomycin resistance [34].

Among the identified porins, OmpC, OmpF, OmpW and YddB were shown to be the
preponderant in antimicrobial resistance strategies of UPEC strains. OmpC is involved
in both the transport of small molecular weight hydrophilic materials across the outer
membrane and in antimicrobial resistance (e.g., β-lactams antibiotics) [17,32]. OmpF plays
an important role in antibiotic transport, such as β-lactams and fluoroquinolones [23]. In
fact, a decreased ompF expression was related to an increase of resistance towards β-lactam
antibiotics in E. coli [23,35], since OmpF is the main gate for enrofloxacin entrance [14].
Lastly, YddB (a putative porin protein) seemed to be the major porin involved in the passive
transport of novobiocin across the outer membrane [23].

4. Discussion

UPEC is the most frequent uropathogen worldwide, entailing elevated healthcare
costs and a high risk of treatment failure in both human and veterinary medicine due to the
emergence of multidrug-resistant strains and limited therapeutic options to treat infections
caused by these strains.

Just as a One Health unifying approach has the merit of reframing our understanding
about the capacity of resistant bacteria to spread between different biomes [42,43], a wide
overview of resistance mechanisms used by bacteria to evade antimicrobial treatment will
be crucial for overcoming the problem and to find both new drug targets and new structural
classes of antibiotics. Herein, among 76 OMPs described in the 29 studies included in this
systematic review, seven were responsible for resistance to several antimicrobial drugs.
Among them, OmpC is associated with β-lactams resistance and OmpF with β-lactams
and fluoroquinolones resistance. With a prevalence of less than 75%, TolC, YddB, TosA and
Lpp are also associated with resistance against fluoroquinolones, enrofloxacin, novobiocin,
β-lactams and globomycin, respectively. Considering that fluoroquinolones and β-lactams
are the antimicrobial classes more commonly used for the treatment of UTI in both human
and animals, the spread of these OMPs between UPEC strains is of enormous clinical
relevance. Indeed, both antimicrobial drugs are particularly affected by changes in the
permeability of the outer membrane of UPEC strains, since β-lactams and fluoroquinolones
often use water-filled diffusion channels (porins) to penetrate this external barrier [44].
Despite the predominant mechanism of resistance to β-lactams in UPEC being mainly
attributed to the production of β-lactamases [45], OMPs seem to possess essential com-
plementary “tools”, as they control the entry of these molecules to the periplasmic space,
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allowing the production of β-lactamases in sufficient concentrations to achieve the destruc-
tion of the antibiotic molecules [46].

Porins are outer membrane β-barrel proteins that cross the membrane cell, responsible
for uptake of nutrients, being essential for bacterial survival and growth [33]. On the
other hand, they allow the “unwanted” entrance of several antimicrobial molecules; for
example, OmpC, OmpF and OmpW are porins responsible for creating a size-selective
channel, promoting the transport of small hydrophilic molecules, including β-lactams
and fluoroquinolones [47]. Thus, the production of OmpW and OmpC was reduced in
tetracycline and nalidixic acid resistant strains, indicating an antibiotic-specific pattern of
porin expression [47,48]; and a decreased ompF expression was related to an increase of
resistance towards β-lactam and fluoroquinolones antibiotics [23,35], since OmpF is the
main gate for enrofloxacin entrance [14]. In addition, OmpF and OmpC production seemed
to be influenced by the environment of UPEC during a UTI. Urine osmolarity appears to
affect ompF and ompC expression: ompF is upregulated under a low osmolarity condition,
while ompC is upregulated under high osmolarity [49]. Although it is a lesser reported
porin, YddB is associated with passive transport of novobiocin across the outer membrane.
Presently, novobiocin resistance is not an emerging problem; however, the mechanism by
which YddB confers novobiocin resistance has not yet been characterized.

Beyond the alteration of membrane permeability, bacteria is also able to enhance its
resistance by the overproduction of efflux pumps (actively expelling the antibiotic out
of the cells) [50]. Efflux pumps may be the most rapid acting and effective resistance
mechanism in the bacterial defense [50]. Regarding the AcrA–AcrB–TolC efflux pump,
Chowdhury et al. [51] hypothesized that one of the intrinsic mechanisms of multidrug-
resistant UPEC strains is the overexpression of the AcrAB–TolC efflux pump, probably
caused by the mutation of the acrR gene.

Among the OMPs related to antimicrobial resistance, the TosA protein, a nonfimbrial
adhesin, is a virulence marker in UPEC strains, since deletion of the tosA gene affected
their capacity to colonize the bladder and kidney in a murine model [52,53]. Moreover,
multidrug-resistant UPEC isolates expressing the tosA gene maintained a high correlation
with virulence genes presence [53]. However, additional research is required to fully
understand the role of TosA during UTI.

Another OMP associated to antimicrobial resistance is Lpp, which is the most abun-
dant lipoprotein of E. coli (more than 5 × 105 molecules per bacterial cell), being respon-
sible for maintaining the stability and integrity of the outer membrane [54]. Although
Pantua et al. [34] described that the complete deletion of Lpp led to globomycin resistance,
other authors stated that the deletion of this lipoprotein increased the susceptibility for
vancomycin, erythromycin and rifampicin antibiotics [54,55]. In fact, the reduction of Lpp
stimulated vesicle formation, decreased membrane integrity and reduced cell invasiveness
by turning down biofilm formation [54–56].

In addition to the role of the OMPs, other proteins are also involved in the antimicrobial
defence of bacteria. Qnr proteins protect DNA gyrase and type IV topoisomerase IV, being
responsible for quinolones resistance in UPEC isolates [35]. These proteins supplement
resistance to quinolones by efflux pump activation, altered quinolone target enzymes or
deficiencies in OMPs [57]. RecA protein also participates in DNA reparation and activation
of the bacterial SOS system [35]. At last, Spr (peptidoglycan endopeptidase) proteins assists
peptidoglycan biogenesis in UPEC and flagella expression, which are correlated to a fitness
advantage during bladder colonization [4].

Given the potential zoonotic of UPEC, the origin of the isolates of each study was
also assessed. Although most of the isolates included in this review were from human
origin, UPEC strains are being able to circulate among human and pets populations [13].
Belanger et al. [12] corroborated the phylogenetic proximity between human isolates and
those obtained from cohabitant cats and dogs. Thus, we questioned whether the OMPs
of UPEC isolated from pets would be different from those isolated from human origin.
Piras et al. [14] suggested that if UPEC isolated from humans are exposed to the same
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concentration of antibiotic that animals are exposed to, then the mechanisms involved in
resistance will be similar. Moreover, it requires further characterization of OMPs in UPEC
isolated from both human and pet samples, as well as the elucidation of the mechanisms
involved in antimicrobial resistance.

UPEC strains have cellular membrane machinery that allows them to be very effective
when infecting the urinary system. Combining the fact that E. coli possess both a great
ability of adaptation to different environments and present highly conserved proteins
and organelles, a rapid acquisition of the tools necessary for antimicrobial resistance is
promoted. Since available antimicrobial options have become ineffective for treatment,
the access to antimicrobial molecules should be rethought and empirical therapy should
be avoided. Therefore, the emergence of antimicrobial resistances is an important public
health problem. Without implementing more stringent measures, the emergence of “more”
multi-resistant strains will occur, leading us to a point of no return.

New therapeutic alternatives need to be discovered to combat the emergence of
multidrug UPEC as well as other pathogens [58,59]. Several antimicrobial molecules that
interact with OMPs have been already studied, such as darobactin, Polyphor peptide 7
and MRL-494, which affect the integrity of the bacterial outer membrane by inhibition of
BamA function [60]. Pilicides and curlicides compounds have the ability to inhibit the
pili of UPEC [61,62]. Pre-existing molecules used for other applications may also have
antibacterial potential against UPEC, such as nitazoxanide, which is used for intestinal
parasitic diseases and also inhibits the function of type 1 and Pap pili [63]. Therefore, the
OMPs described in this review seem to be crucial targets in the fight against UPEC and
they may also be key targets for sparing other multidrug-resistant pathogens.

This systematic review has several limitations that should be considered. Firstly, the
enormous variety of methodology used and often not directly detecting the protein, but
rather its effect, may create some bias. Secondly, six published studies were not included
as full text articles were not accessible online; thus, some important data on OMPs and
antimicrobial resistance may be missing. Thirdly, the isolates included in this review were
mostly from human origin; therefore, a comparison of prevalence, function and role in
antimicrobial resistance of OMPs isolated from humans and pets was not possible, skewing
the research towards humans irremediably. Despite limitations on reporting, the strengths
of this review are the low prevalence of high RoB studies and the broader understanding
of the potential antibiotic resistance for different outer membrane proteins.

This systematic review highlights the need for further investigation about the role of
OMPs in antimicrobial resistance among UPEC, as well as the prudent use of antimicrobial
agents in both veterinary and human medicine.

5. Conclusions

In conclusion, our findings showed that several OMPs are related to antimicrobial
resistance. ChuA, FepA, FyuA, NmpC, OmpA, OmpC, OmpF, OmpT, OmpX and SlyB
were identified in more than 80% of UPEC. However, only OmpC, OmpF, TolC, OmpX,
YddB, TosA and Lpp are related with antimicrobial resistance. The classes of antibiotics
most affected by antimicrobial resistance conferred through OMPs are fluoroquinolones
and β-lactams. These results reflect the urgency of the implementation of new strategies of
administration of antimicrobial agents in both veterinary and human medicines, in order
to subvert the emergence of multidrug-resistant UPEC strains.

Author Contributions: Conceptualization: I.C.R. and S.C.R.; methodology and formal analysis: I.C.R.
and S.C.R.; writing—original draft preparation: I.C.R.; writing—review & editing: S.C.R., F.V.D.,
P.M.d.C. (Paula M. da Costa) and P.M.d.C. (Paulo M. da Costa). All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

69



Membranes 2022, 12, 981

Data Availability Statement: Not applicable.

Acknowledgments: The authors Inês C. Rodrigues and Paulo M. da Costa acknowledge the support
and the valuable contributions added by Diana Resende in the scope of “Siderophore efflux pump
inhibitors (SEPIs) conjugates: A new concept for environmental problems” project, with the reference
EXPL/CTA-AMB/0810/2021.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nittayasut, N.; Yindee, J.; Boonkham, P.; Yata, T.; Suanpairintr, N.; Chanchaithong, P. Multiple and High-Risk Clones of Extended-
Spectrum Cephalosporin-Resistant and blaNDM-5-Harbouring Uropathogenic Escherichia coli from Cats and Dogs in Thailand.
Antibiotics 2021, 10, 1374. [CrossRef]

2. Terlizzi, M.E.; Gribaudo, G.; Maffei, M.E. UroPathogenic Escherichia coli (UPEC) Infections: Virulence Factors, Bladder Responses,
Antibiotic, and Non-antibiotic Antimicrobial Strategies. Front. Microbiol. 2017, 8, 1566. [CrossRef]

3. Mysorekar, I.U.; Hultgren, S.J. Mechanisms of uropathogenic Escherichia coli persistence and eradication from the urinary tract.
Proc. Natl. Acad. Sci. USA 2006, 103, 14170–14175. [CrossRef]

4. Huang, W.-C.; Hashimoto, M.; Shih, Y.-L.; Wu, C.-C.; Lee, M.-F.; Chen, Y.-L.; Wu, J.-J.; Wang, M.-C.; Lin, W.-H.; Hong, M.-Y.; et al.
Peptidoglycan Endopeptidase Spr of Uropathogenic Escherichia coli Contributes to Kidney Infections and Competitive Fitness
During Bladder Colonization. Front. Microbiol. 2020, 11, 586214. [CrossRef]

5. Wurpel, D.J.; Moriel, D.G.; Totsika, M.; Easton, D.M.; Schembri, M.A. Comparative analysis of the uropathogenic Escherichia coli
surface proteome by tandem mass-spectrometry of artificially induced outer membrane vesicles. J. Proteom. 2015, 115, 93–106.
[CrossRef]

6. Yep, A.; McQuade, T.; Kirchhoff, P.; Larsen, M.; Mobley, H.L.T. Inhibitors of TonB Function Identified by a High-Throughput
Screen for Inhibitors of Iron Acquisition in Uropathogenic Escherichia coli CFT073. mBio 2014, 5, e01089-13. [CrossRef]

7. Zogg, A.L.; Zurfluh, K.; Schmitt, S.; Nüesch-Inderbinen, M.; Stephan, R. Antimicrobial resistance, multilocus sequence types
and virulence profiles of ESBL producing and non-ESBL producing uropathogenic Escherichia coli isolated from cats and dogs in
Switzerland. Veter- Microbiol. 2018, 216, 79–84. [CrossRef]

8. ECDC. Surveillance of antimicrobial resistance in Europe. Br. Med. J. 2018, 317, 614–615.
9. Ghosh, A.; Mukherjee, M. Incidence of multidrug resistance, pathogenicity island markers, and pathoadaptive FimH mutations

in uropathogenic Escherichia coli isolated from asymptomatic hospitalized patients. Folia Microbiol. 2019, 64, 587–600. [CrossRef]
10. Kalas, V.; Hibbing, M.E.; Maddirala, A.R.; Chugani, R.; Pinkner, J.S.; Mydock-McGrane, L.K.; Conover, M.S.; Janetka, J.W.;

Hultgren, S.J. Structure-Based Discovery of Glycomimetic FmlH Ligands As Inhibitors of Bacterial Adhesion During Urinary
Tract Infection. Proc. Natl. Acad. Sci. USA 2018, 115, E2819–E2828. [CrossRef]

11. Matin, F.Z.; Rezatofighi, S.E.; Ardakani, M.R.; Akhoond, M.R.; Mahmoodi, F. Virulence characterization and clonal analysis of
uropathogenic Escherichia coli metallo-beta-lactamase-producing isolates. Ann. Clin. Microbiol. Antimicrob. 2021, 20, 50. [CrossRef]

12. Bélanger, L.; Garenaux, A.; Harel, J.; Boulianne, M.; Nadeau, E.; Dozois, C.M. Escherichia coli from animal reservoirs as a potential
source of human extraintestinal pathogenic E. coli. FEMS Immunol. Med. Microbiol. 2011, 62, 1–10. [CrossRef]

13. Salgado-Caxito, M.; Benavides, J.A.; Adell, A.D.; Paes, A.C.; Moreno-Switt, A.I. Global prevalence and molecular characterization
of extended-spectrum β-lactamase producing-Escherichia coli in dogs and cats—A scoping review and meta-analysis. One Health
2021, 12, 100236. [CrossRef]

14. Piras, C.; Soggiu, A.; Greco, V.; Martino, P.A.; Del Chierico, F.; Putignani, L.; Urbani, A.; Nally, J.E.; Bonizzi, L.; Roncada, P.
Mechanisms of antibiotic resistance to enrofloxacin in uropathogenic Escherichia coli in dog. J. Proteom. 2015, 127, 365–376.
[CrossRef]

15. Matamoros-Recio, A.; Franco-Gonzalez, J.F.; Forgione, R.E.; Torres-Mozas, A.; Silipo, A.; Martín-Santamaría, S. Understanding
the Antibacterial Resistance: Computational Explorations in Bacterial Membranes. ACS Omega 2021, 6, 6041–6054. [CrossRef]

16. Silhavy, T.J.; Kahne, D.; Walker, S. The Bacterial Cell Envelope. Cold Spring Harb. Perspect. Biol. 2010, 2, 1–16. Available online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2857177/pdf/cshperspect-PRK-a000414.pdf (accessed on 4 September 2022).
[CrossRef]

17. Dehghani, B.; Mottamedifar, M.; Khoshkharam-Roodmajani, H.; Hassanzadeh, A.; Zomorrodian, K.; Rahimi, A. SDS-PAGE
Analysis of the Outer Membrane Proteins of Uropathogenic Escherichia coli Isolated from Patients in Different Wards of Nemazee
Hospital, Shiraz, Iran. Iran. J. Med. Sci. 2016, 41, 399–405.

18. Alteri, C.; Mobley, H.L.T. Quantitative Profile of the Uropathogenic Escherichia coli Outer Membrane Proteome during Growth in
Human Urine. Infect. Immun. 2007, 75, 2679–2688. [CrossRef]

19. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

20. Wells, G.; Shea, B.; O’Connel, D.; Peterson, J.; Welch, V.; Losos, M.; Tugwell, P. The Newcastle-Ottawa Scale (NOS) for assessing
the quality of nonrandomised studies in meta-analyses. 2021. Available online: https://www.ohri.ca//programs/clinical_
epidemiology/oxford.asp (accessed on 25 August 2022).

70



Membranes 2022, 12, 981

21. Beck, C.M.; Willett, J.L.E.; Cunningham, D.A.; Kim, J.J.; Low, D.A.; Hayes, C.S. CdiA Effectors from Uropathogenic Escherichia coli
Use Heterotrimeric Osmoporins as Receptors to Recognize Target Bacteria. PLoS Pathog. 2016, 12, e1005925. [CrossRef]

22. Brannon, J.R.; Thomassin, J.L.; Desloges, I.; Gruenheid, S.; Le Moual, H. Role of uropathogenic Escherichia coli OmpT in the
resistance against human cathelicidin LL-37. FEMS Microbiol. Lett. 2013, 345, 64–71. [CrossRef]

23. Choi, U.; Lee, C.-R. Distinct Roles of Outer Membrane Porins in Antibiotic Resistance and Membrane Integrity in Escherichia coli.
Front. Microbiol. 2019, 10, 953. [CrossRef]

24. Conover, M.S.; Ruer, S.; Taganna, J.; Kalas, V.; De Greve, H.; Pinkner, J.; Dodson, K.W.; Remaut, H.; Hultgren, S.J. Inflammation-
Induced Adhesin-Receptor Interaction Provides a Fitness Advantage to Uropathogenic E. coli during Chronic Infection. Cell Host.
Microbe. 2016, 176, 498–503. [CrossRef]

25. Desloges, I.; Taylor, J.A.; Leclerc, J.M.; Brannon, J.R.; Portt, A.; Spencer, J.D.; Dewar, K.; Marczynski, G.T.; Manges, A.; Gru-
enheid, S.; et al. Identification and characterization of OmpT-like proteases in uropathogenic Escherichia coli clinical isolates.
Microbiologyopen 2019, 8, e915. [CrossRef]

26. Diao, J.; Bouwman, C.; Yan, D.; Kang, J.; Katakam, A.; Liu, P.; Pantua, H.; Xu, M.; Kapadia, S. Peptidoglycan Association of
Murein Lipoprotein is required for KpsD-Dependent Group 2 Capsular Polysaccharide Expression and Serum Resistance in a
Uropathogenic Escherichia coli Isolate. Am. Soc. Fir. Microbiol. 2018, 200, 500–502. [CrossRef]

27. Geibel, S.; Procko, E.; Hultgren, S.J.; Baker, D.; Waksman, G. Structural and energetic basis of folded-protein transport by the
FimD usher. Nature 2013, 496, 243–246. [CrossRef]

28. Greene, S.E.; Hibbing, M.E.; Janetka, J.; Chen, S.; Hultgren, S.J. Human Urine Decreases Function and Expression of Type 1 Pili in
Uropathogenic Escherichia coli. mBio 2015, 6, e00820-15. [CrossRef]

29. He, X.L.; Wang, Q.; Peng, L.; Qu, Y.-R.; Puthiyakunnon, S.; Liu, X.-L.; Hui, C.Y.; Boddu, S.; Cao, H.; Huang, S.-H. Role of
uropathogenic Escherichia coli outer membrane protein T in pathogenesis of urinary tract infection. Pathog. Dis. 2015, 73, ftv006.
[CrossRef]

30. Henderson, N.S.; Thanassi, D.G. Purification of the Outer Membrane Usher Protein and Periplasmic Chaperone-Subunit
Complexes from the P and Type 1 Pilus Systems. Methods Mol. Biol. 2013, 966, 37–52. [CrossRef]

31. Hirakawa, H.; Suzue, K.; Kurabayashi, K.; Tomita, H. The Tol-Pal System of Uropathogenic Escherichia coli Is Responsible for
Optimal Internalization Into and Aggregation Within Bladder Epithelial Cells, Colonization of the Urinary Tract of Mice, and
Bacterial Motility. Front. Microbiol. 2019, 10, 1827. [CrossRef]

32. Nielsen, D.W.; Ricker, N.; Barbieri, N.L.; Allen, H.K.; Nolan, L.K.; Logue, C.M. Outer membrane protein A (OmpA) of extraintesti-
nal pathogenic Escherichia coli. BMC Res. Notes 2020, 13, 51. [CrossRef]

33. Pantel, A.; Dunyach-Remy, C.; Essebe, C.N.; Mesureur, J.; Sotto, A.; Pagès, J.-M.; Nicolas-Chanoine, M.-H.; Lavigne, J.-P.
Modulation of Membrane Influx and Efflux in Escherichia coli Sequence Type 131 Has an Impact on Bacterial Motility, Biofilm
Formation, and Virulence in a Caenorhabditis elegans Model. Antimicrob. Agents Chemother. 2016, 60, 2901–2911. [CrossRef]

34. Pantua, H.; Skippington, E.; Braun, M.-G.; Noland, C.L.; Diao, J.; Peng, Y.; Gloor, S.L.; Yan, D.; Kang, J.; Katakam, A.K.; et al.
Unstable Mechanisms of Resistance to Inhibitors of Escherichia coli Lipoprotein Signal Peptidase. mBio 2020, 11, e02018-20.
[CrossRef]

35. Ribeiro, C.D.S.; Martins, W.M.B.D.S.; da Silva, A.A.; Gales, A.C.; Rando, D.G.G.; Minarini, L.A.D.R. Exposure to sub-inhibitory
ciprofloxacin and nitrofurantoin concentrations increases recA gene expression in uropathogenic Escherichia coli: The role of RecA
protein as a drug target. Eur. J. Pharm. Sci. 2020, 146, 105268. [CrossRef]

36. Tavio, M.M.; Aquili, V.D.; Poveda, J.B.; Antunes, N.T.; Sanchez-Cespedes, J.; Vila, J. Quorum-sensing regulator sdiA and marA
overexpression is involved in in vitro-selected multidrug resistance of Escherichia coli. J. Antimicrob. Chemother. 2010, 65, 1178–1186.
[CrossRef]

37. Wurpel, D.J.; Totsika, M.; Allsopp, L.; Webb, R.I.; Moriel, D.G.; Schembri, M.A. Comparative proteomics of uropathogenic
Escherichia coli during growth in human urine identify UCA-like (UCL) fimbriae as an adherence factor involved in biofilm
formation and binding to uroepithelial cells. J. Proteom. 2016, 131, 177–189. [CrossRef]

38. Xicohtencatl-Cortes, J.; Cruz-Córdova, A.; Cázares-Domínguez, V.; Escalona-Venegas, G.; Zavala-Vega, S.; Arellano-Galindo, J.;
Romo-Castillo, M.; Hernández-Castro, R.; Ochoa, S.A.; Luna-Pineda, V.M. Uropathogenic Escherichia coli strains harboring tosA
gene were associated to high virulence genes and a multidrug-resistant profile. Microb. Pathog. 2019, 134, 103593. [CrossRef]
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Abstract: As part of an ongoing effort to develop a drug targeting the type 1 cholecystokinin
receptor (CCK1R) to help prevent and/or treat obesity, we recently performed a high throughput
screening effort of small molecules seeking candidates that enhanced the action of the natural
agonist, CCK, thus acting as positive allosteric modulators without exhibiting intrinsic agonist
action. Such probes would be expected to act in a temporally finite way to enhance CCK action
to induce satiety during and after a meal and potentially even modulate activity at the CCK1R
in a high cholesterol environment present in some obese patients. The current work focuses on
the best scaffold, representing tetracyclic molecules identified through high throughput screening
we previously reported. Extensive characterization of the two top “hits” from the previous effort
demonstrated them to fulfill the desired pharmacologic profile. We undertook analog-by-catalog
expansion of this scaffold using 65 commercially available analogs. In this effort, we were able
to eliminate an off-target effect observed for this scaffold while retaining its activity as a positive
allosteric modulator of CCK1R in both normal and high cholesterol membrane environments. These
insights should be useful in the rational medicinal chemical enhancement of this scaffold and in the
future development of candidates to advance to pre-clinical proof-of-concept and to clinical trials.

Keywords: cholecystokinin; cholecystokinin receptor; G protein-coupled receptor; positive allosteric
modulator; obesity

1. Introduction

The type 1 cholecystokinin receptor (CCK1R) has been recognized as a key physiologic
regulator of appetite and a potential target for anti-obesity therapy [1]. However, while
multiple full agonists of CK1R have been developed, these molecules have failed to achieve
the primary endpoint in clinical obesity trials of being superior to short-term dieting to
induce weight loss [2–4]. The enhancement of potency and/or duration of action of such
candidate molecules has not been pursued due to concerns about on-target side effects and
potential toxicity [3,5]. We recently reported a high throughput screening effort to identify
potential molecules with a distinct pharmacologic profile representing positive allosteric
modulators (PAMs) of CCK action at this receptor that also possess minimal intrinsic
agonist activity [6], a strategy we proposed to increase the safety and effectiveness of such
drugs [3,5]. We were also particularly interested in identifying such compounds that were
active both in a normal and high cholesterol membrane environment representing universal
PAMs. Of the three chemical classes of molecules identified in that effort [6], we focused
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on those molecules from the initial high throughput screening effort that incorporate a
tetracyclic scaffold (“hit 1” and “hit 6”) as being the most promising.

In the present project, we explore the molecular basis of action of this class of CCK1R
PAM ligands and expand our understanding of structure–activity relationships of molecules
with this tetracyclic scaffold, exploring structural modifications present in 65 commercially
available analogs. Since our preliminary work with the original “hits” having this scaffold
demonstrated an effect on another class A G protein-coupled receptor, the vasopressin
2 receptor, a parallel goal was to establish the feasibility of teasing apart on-target and
off-target activity as an indication of the general selectivity of this scaffold among this
family of receptors. Such insights will be useful to guide further rational enhancement of
the pharmacologic activity profile and development of drug candidates to advance toward
future preclinical and potential clinical trials.

2. Materials and Methods

2.1. Materials

CCK peptide analogues were custom synthesized in our laboratory, purified to homo-
geneity, and verified by mass spectrometry [7]. These include natural CCK-26-33 (CCK-8);
a partial agonist analogue, D-Tyr-Gly-[(Nle28,31)CCK-26-32]-phenethyl ester (CCK-OPE);
and a fluorescent analogue of this hormone, alexa488-D-Tyr-Gly-[(Nle28,31)CCK-26-33]
(alexa488-CCK) [8]. The sulfated CCK octapeptide (CCK-8) (#4033010) used in the structure–
activity relationship studies and arginine vasopressin (#4012215) were purchased from
Bachem AG (Bubendorf, Switzerland). CCK-33 was purchased from Peptides International
(Louisville, KY, USA). Clonal receptor-bearing cell lines were prepared from non-CCK
receptor-bearing CHO-K1 cells or HEK-293 cells (American Type Culture Collection, ATCC),
as previously described [9]. In select experiments, the cholesterol composition of cell lines
was enhanced by treatment with methyl-β-cyclodextrin-cholesterol inclusion complex, as
we previously described [10].

2.2. Methods

Biological activity was quantified in the CHO cell lines described above using intracel-
lular calcium assays that were performed, as previously described, using Fura-8-AM (AAT
Bioquest, Pleasonton, CA, USA) [11]. Full agonist dose–response curves were performed
along with determination of maximal responses to 0.1 mM ATP, targeting an endogenous
receptor present on the parental cells. Concentration–response curves of peak intracellular
calcium responses were analyzed and plotted as percentages of maximal responses using
non-linear regression analysis in Prism 9.1 (GraphPad).

For structure–activity relationship studies, we performed myo-inositol-1-phosphate
(IP-One) accumulation assays with TR-FRET technology applied to the HEK-293 cell line
overexpressing CCK1Rs, as we had described in our high throughput screening effort [6].
In brief, thawed cryopreserved cell stocks were re-suspended in IP-One assay media
consisting of phenol-red free DMEM (Corning, Corning, NY, USA, #17-205-CV) with 10%
FBS, 1% penicillin (10,000 units)/streptomycin (10 mg) (Pen/Strep, Thermo Fisher Scientific,
Waltham, MA, USA, Gibco #15140122), and 1% L-glutamine (200 mM) (Gibco #25030081)
and diluted to required cell densities. Then, the cell suspension was dispensed into a
1536-well tissue culture microplate (Corning, #3727), and the plate was incubated overnight
at 37 ◦C and 5% CO2. After 16–20 h, DMSO or compounds were added with an Echo liquid
handler (Labcyte, San Jose, CA, USA), resulting in a top final compound concentration of
50 μM diluted 2-fold for 16-point dose–responses. For the positive allosteric modulator
(PAM) format, orthosteric stimulator (CCK) dilutions for control wells were prepared in
assay media containing 150 mM lithium chloride (LiCl, 50 mM final, Sigma-Aldrich, St
Louis, MO, USA, #L7026). After a 30 min incubation of test compounds at 37 ◦C and 5%
CO2, orthosteric stimulator dilutions (for PAM format) or equivalent dilutions of DMSO
(for agonist format) were added to designated wells using BioRaptr (Beckman Coulter,
Brea, CA, USA). In addition, CCK control ligand dilutions were included on each test
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plate. After that, the plate was incubated for 1 h at 37 ◦C and 5% CO2 and equilibrated
to room temperature. Detection reagents from the IP-One Gq detection kit from Cisbio
(Cisbio US Inc., Bedford, MA, USA, #62IPAPEJ) were added, and after 1 h at RT, IP-One
content was measured with a PHERAstar FSX microplate reader (BMG Labtech, Ortenberg,
Germany). Control ligand dose–responses were analyzed using GraphPad Prism 9.3.1 (San
Diego, CA, USA) to validate adequate control and test well concentrations for positive
allosteric modulation (PAM) and agonist formats. Dose–response curves were performed as
16-point 2-fold dilutions in duplicates in at least three independent experiments. Large data
sets were uploaded and analyzed with CBIS (Chemical and Biology Information System
software, ChemInnovation Software, Inc., San Diego, CA, USA). Further data analysis for
detailed SAR studies was conducted using the D360 software (Certara).

Possible off-target biological effects. In our previous report [6], the lead compounds
were tested for possible off-target effects at the purinergic receptor (P2YR), representing
another Gq-coupled class A GPCR, where they were found to have no off-target activity.
Here, we tested them at the vasopressin-2 receptor (AVP2R), representing a class A GPCR
structurally related to CCK1R, which is coupled to Gs. The activity at AVP2R was tested
using AVP2R-overexpressing CHO-K1 (PAM format) or HEK-293 (agonist format) cells,
stimulating the cells with vasopressin. Original hits were tested in both agonist and PAM
formats. Since all recognized compound responses were present in both formats, we
continued to screen analogs in only the PAM format (also able to capture agonist effects) in
CHO-K1 AVP2R cells for potential enhanced sensitivity. The dose–response data sets for
original hits were combined, as the PAM and agonist effects were indistinguishable. In brief,
arginine vasopressin (AVP) orthosteric stimulator dilutions and ligand and compound
dose–response titrations in DMSO were transferred onto a 1536-well plate (Corning #3725)
using an Echo liquid handler (Labcyte). Thawed cryopreserved cell stocks were diluted in
stimulation buffer consisting of HBSS (Hank’s Balanced Salt Solution with Ca2+ and Mg2+,
Gibco #24020117), 5 mM HEPES (hydroxyethyl piperazineethanesulfonic acid), 0.5 mM
IBMX (3-isobutyl-1-methylxanthine, Sigma-Aldrich), and 0.075% BSA (7.5% DTPA-purified
bovine serum albumin, PerkinElmer). The resulting cell suspension was added to the
microplate and incubated with test compounds at room temperature for 30 min. Then, the
detection reagents from the Cisbio cAMP Gs Dynamic HTRF detection kit were added. The
plate was kept at room temperature for 30 min and read on a PHERAstar FSX microplate
reader. Dose–response curves were performed as 16-point 2-fold dilutions in duplicate in
at least two independent experiments.

For CCK1R-induced Gs signaling studies, we performed cAMP accumulation assays as
described above and as previously reported [6], utilizing the HEK-293 cells overexpressing
CCK1Rs and the EC20 concentration of CCK for screening in PAM format.

Regarding CCK binding kinetics, fluorescence polarization assays for binding and
dissociation of the fluorescent CCK probe, alexa488-CCK, were performed as we described
using a PHERAstar FSX instrument (BMG Labtech, Cary, NC, USA) [12].

Receptor internalization assays were performed with the fluorescent alexa488-CCK lig-
and used to visualize cell surface receptors after treatment and fixation with 2% paraformalde-
hyde (Electron Microscopy Sciences, Cat# 15710), as we described [12]. Images were
acquired with a Zeiss Axiovert 200M inverted epifluorescence microscope.

For structure–activity analysis, 65 commercially available compounds containing the
tetracyclic scaffold were included in this analysis to gain insights into structure–activity
relationships (structures shown in SAR tables).

The potency and efficacy data for these compounds were used to calculate their activity
scores using the following formula: Activity Score = normalized Emax × pEC50. Normalized
Emax represents the efficacy of the compound as a fractional response relative to that of the
CCK control ligand. pEC50 represents the positive logarithmic value of compound EC50
concentrations in (M).

Because this was not a systematic prospective synthetic series, compounds often
modified more than one position around the tetracyclic scaffold at a time. We elected to
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number the entire list of analogues in order from highest to lowest activity score (described
below) in the primary screen, the PAM format CCK-stimulated IP-One assay (CMPs 1-65).
In total, 37 of these compounds had a measurable activity score in this assay. We grouped
the compounds in six SAR tables to focus on groups of related structures, and we ordered
each group of structures from most to least active in the primary assay when possible.
By comparing the position in each table and the compound number, it was clear when
multiple modifications may have played a role in the series. These compounds were also
characterized with the off-target AVP2R assay described above, with results listed in the
same tables.

Regarding statistical analysis, all assays were performed in duplicate and repeated in at
least three independent assays (number of such assays, “n” provided). Differences between
experimental groups were evaluated using one-way ANOVA or the Mann–Whitney test,
with p < 0.05 considered as significant.

3. Results

The two hits initially identified in our high throughput screen for positive allosteric
modulators (PAMs) of CCK action at the CCK1R possessing minimal intrinsic agonist
activity [6] were further characterized to gain insights into their mechanism of action. Both
of these compounds possess the same tetracyclic scaffold (structures shown in Figure 1).
Figure 1 also shows the ability of these compounds to shift the CCK-8 concentration–
response curve for stimulating intracellular calcium in CCK1R to the left, reflecting their
PAM activity (Figure 1a and Table 1). This is unique to its action at CCK1R, with no
analogous impact on CCK activity at CCK2R (Figure 1b and Table 1). Neither compound
had any demonstrable, statistically significant intrinsic agonist action in concentrations as
high as 20 μM at the CCK1R over-expressing CHO cell line (p = 0.1) (Figure 1c), and neither
compound exhibited any demonstrable agonist activity at the parental CHO cells, even at
20 μM concentrations (Figure 1d). A longer molecular form of CCK, CCK-33, also had its
biological effect augmented significantly by both of these compounds (Table 1).

Table 1. Agonist-induced intracellular calcium responses in CHO cell lines in the absence and
presence of PAM compounds.

Receptor-Ligands pEC50 n, p Values

CCK1R
CCK-8 10.6 ± 0.1 5

CCK-8 + “hit 1” 11.1 ± 0.1 * 5, 0.048
CCK-8 + “hit 6” 11.5 ± 0.2 ** 5, 0.002

CCK1R
CCK-33 9.6 ± 0.2 5

CCK-33 + “hit 1” 10.7 ± 0.2 * 5, 0.016
CCK-33 + “hit 6” 10.7 ± 0.2 ** 5, 0.008

CCK2R
CCK-8 9.3 ± 0.1 6

CCK-8 + “hit 1” 9.5 ± 0.1 6, 0.20
CCK-8 + “hit 6” 9.5 ± 0.1 6, 0.19
CCK1R(Y140A)

CCK-8 9.0 ± 0.1 5
CCK-8 + “hit 1” 9.7 ± 0.1 *** 5, 0.0008
CCK-8 + “hit 6” 10 ± 0.1 *** 5, <0.0001

CCK1R
CCK-OPE 7.3 ± 0.2 5

CCK-OPE + “hit 1” 8.0 ± 0.2 5, 0.08
CCK-OPE + “hit 6” 8.1 ± 0.2 * 6, 0.04

CCK1R + excess cholesterol
CCK-8 9.4 ± 0.2 5

CCK-8 + “hit 1” 10.2 ± 0.2 ** 5, 0.005
CCK-8 + “hit 6” 10.2 ± 0.2 ** 6, 0.005

Values are expressed as means ± SEM of “n” independent experiments performed in duplicate. “Hits” 1 and 6
were utilized in 10 μM concentrations. Differences between control and the presence of “hit 1” and “hit 6” were
determined using one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 1. Pharmacologic profiles of “hits” 1 and 6. Shown are the structures of these two ligands,
as well as evidence for their positive allosteric modulation of CCK action to stimulate intracellular
calcium using Fura-8-AM at the CCK1R expressed on the CHO-CCK1R cell line (a), with no effect on
CCK2R in the analogous CHO-CCK2R cell line (b) and no significant endogenous agonist activity at
CCK1R in the CHO-CCK1R cell line (c) or at parental CHO cells (d). “Hits” 1 and 6 were utilized
in 10 μM concentrations. Maximal intracellular calcium responses were determined using 0.1 mM
ATP targeting an endogenous CHO cell receptor. Values represent means ± SEM of data from a
minimum of 5 independent experiments performed in duplicate and are analyzed in Table 1. Both
ligands exerted their positive allosteric modulatory effect on CCK action at CCK1R by prolonging
the peptide off rate (e). Kinetic data represent 5 independent experiments, with results analyzed in
Table 2.

Table 2. Kinetic parameters for CCK binding to CCK1R-expressing membranes from CHO-CCK1R
cells in the absence or presence of tetracyclic compounds.

CCK-8 n CCK-8 + “Hit
1”

n, p Values
CCK-8 + “Hit

6”
n, p

Values

Kon rate, × 108 M−1

min−1 0.7 ± 0.1 5 2.6 ± 0.6 * 3, 0.04 0.7 ± 0.4 5, 0.31

Koff rate, min−1 1.1 ± 0.1 5 0.4 ± 0.1 * 3, 0.04 0.5 ± 0.1 ** 5, 0.01
pKi 7.8 ± 0.1 5 8.8 ± 0.1 * 3, 0.04 8.1 ± 0.2 5, 0.06

Values are expressed as means ± SEM from “n” independent experiments performed in triplicate. “Hits” 1 and
6 were utilized in 10 μM concentrations. Levels of significance for differences relative to CCK-8 controls were
calculated using the Mann-Whitney test. * p < 0.05, ** p < 0.01.

The PAM activity of these compounds was explained by their slower dissociation rate
for CCK, shown in Figure 1e, resulting in prolonged receptor occupation times. The kinetic
parameters are shown in Table 2.

The allosteric constants for these compounds were calculated based on their concentration–
response curves for enhancing CCK-stimulated intracellular calcium responses in the
CCK1R-expressing cells (Figure 2). Using the operational model for allosterism (Prism
9.1, GraphPad), we determined log(αβ) values of 1.5 and 1.0 for hit 1 and hit 6, respec-
tively (Table 3), which confirmed their positive cooperativity with natural CCK peptide at
CCK1Rs.
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Figure 2. Positive allosteric modulation of CCK action at CCK1R expressed on CHO-CCK1R
cells. Shown are the abilities of “hits” 1 and 6 utilized in 10 μM concentrations to shift the CCK
concentration–response curves to the left in a dose-dependent manner. Values were plotted as per-
centages of maximal intracellular calcium responses to CCK in each replicate curve. There were no
statistically significant differences in the maximal responses achieved under any condition. Data
plotted represent means ± SEM and are analyzed in Table 3.

Table 3. Cooperativity analysis of the impact of tetracyclic compounds on CCK-stimulated intracellu-
lar calcium responses in CCK1R-expressing cells.

CCK-8 + “Hit 1” CCK-8 + “Hit 6”

pKb 4.5 ± 0.4 4.6 ± 0.2
Tau Kb 0.5 ± 0.1 0.4 ± 0.1
Logαβ 1.5 ± 0.3 1.0 ± 0.2

n 5 5
Values are expressed as means ± SEM from five experiments performed in duplicate. “Hits” 1 and 6 were utilized
in 10 μM concentrations.

Part of the rationale for developing these compounds relates to the possibility of
correcting the aberrant stimulus–activity coupling observed at the CCK1R in a membrane
environment with high cholesterol, as sometimes seen in obesity. Figure 3 shows the
ability of both compounds to exhibit PAM action of a partial agonist acting at CCK1R
and CCK-OPE (Figure 3a), as well as at the CCK1R(Y140A) receptor construct known to
mimic CCK1R in high cholesterol [11] (Figure 3b), and at wild type CCK1R in the setting of
elevated cholesterol (Figure 3c). The rationale for using this partial agonist was to attempt
to amplify the PAM activity even though this is not a physiologic ligand. Indeed, using
CCK-OPE, we observed not only a left shift in the concentration–response curves, but also
increases in maximal responses. This continues to be quite encouraging and to further
fulfill the pharmacologic profile of interest.

For a small molecule to modulate the action of endogenous CCK, it is important that
it occupies the receptor while on the cell surface and does not stimulate its internalization.
The receptor is therefore primed for its enhanced response to endogenous CCK when
released after a meal. Figure 4 shows that these compounds when used in concentrations
as high as 10 μM did not stimulate CCK1R internalization.
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Figure 3. Activity of “hits” 1 and 6 on partial agonist activity and CCK activity in CHO cell lines
expressing the noted receptor constructs. “Hits” 1 and 6 were utilized in 10 μM concentrations.
Shown is the ability of these ligands to affect the intracellular calcium activity measured with Fura-
8-AM of a partial agonist of CCK1R and CCK-OPE (a), and their ability to act as positive allosteric
modulators of CCK action at a mimic of the high cholesterol state of CCK1R and CCK1R(Y140A)
(b) and at CCK1R in a high cholesterol environment (c). Values represent means ± SEM of data from
5 independent experiments performed in duplicate.

Figure 4. Impact of “hits” 1 and 6 on CCK1R internalization. “Hits” 1 and 6 were utilized in 10 μM
concentrations. Alexa488-CCK was utilized to label the cell surface CCK receptor. Shown are time-
dependent fluorescence images of cell surface CCK1R after exposure to CCK and the two “hits”. CCK
stimulated prompt receptor internalization, while neither “hit” cleared the receptor from the cell
surface. Images shown are representative of data from three independent experiments.

To determine potential off-target effects, we screened the original hits, “hit 1” (CMP-
1) and “hit 6” (CMP-28), against other GPCRs, including P2YRs [6] and vasopressin-2
receptors (AVP2Rs). Neither compound exhibited any activity at the P2YR. We found that
CMP-1 (EC50 12 μM, Emax 21%) and particularly CMP-28 (EC50 15 μM, Emax 73%) showed
significant activity in AVP2R cAMP assays in both agonist and PAM formats (combined
data). Since the PAM format captures both the agonist and PAM responses with comparable
sensitivity, we included this assay as part of our effort to characterize structure–activity
relationships (SARs) of the tetracyclic scaffold to identify structural determinants that could
eliminate AVP2R activity while maintaining or increasing PAM effects at CCK1R.

In exploring SARs of the tetracyclic scaffold, seeking PAMs, the CCK1R IP-One assay
performed in PAM mode provided EC50 and Emax values, reflecting both potency and
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efficacy. Cooperative effects on either of these parameters could contribute to the desired
PAM impact. We therefore utilized a composite activity score (multiplying pEC50 and Emax
normalized to the maximal response to the control compound, CCK) to help prioritize
the data. This score represents an approximation of the area under the curve (AUC) of a
compound dose–response curve using normalized data respective the screening format
(Figure 5). We found that combining EC50 and Emax into one score facilitated the comparison
of PAMs. We determined an activity score of 2.9 for “hit 1” and a score of 1.7 for “hit 6”
and found these scores to be more representative of the allosteric activities (log(αβ) 1.5 (hit
1) and 1.0 (hit 6)) than focusing separately on potencies or efficacies. For comparison, the
activity score of CCK in the CCK1R IP-One assay was calculated at 10.1. Hence, the AUC
of “hit 1” was approximately 29% of the AUC of the endogenous agonist CCK. In general,
we found that activity scores below 1.5 represented non-significant activation in the tested
format. Shown in Tables 4–9 are the data from the CCK1R IP-One PAM screening for the
65 compounds representing analogs built on the tetracyclic scaffold of interest. These have
been numbered based on descending order of PAM activity scores.

Figure 5. Activity score represents an approximation of the AUC of compound dose–response
curves. IP-One dose–response of (A) CCK-8, (B) “hit 1”, and (C) “hit 6” in HEK-293 CCK1R cells;
TR-FRET ratios resulting from IP-One accumulation normalized to CCK (Emax = 1) with (A) DMSO or
(B,C) EC20 CCK as negative control (Emax = 0), representing (A) agonist and (B,C) PAM screening
format, respectively; activity score was calculated by multiplying pEC50 with normalized Emax, and
the corresponding area is highlighted in grey; graphs plotted using GraphPad Prism; experiments
performed in duplicate in at least three independent experiments; data points shown as mean ± SEM.

An examination of the structures of “hit 1” (CMP-1) and “hit 6” (CMP-28) identified
five sites amenable for chemical modifications, as depicted in Figure 6. We recognized
that both hits contained a basic tertiary amine attached to the tetracyclic core through a
diamino alkyl linker at the position marked as R2 with predicted pKas values of 9.2 and
9.7, respectively. In our previous report [6], we hypothesized that this basic amine might
play a crucial role in the PAM activity of our hits. To further explore this hypothesis, we
examined 25 analogs with non-basic substituents at R2 attached to the pyrimidine of the
tetracyclic core (Tables 4 and 5).
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Figure 6. Elucidation of structural determinants impacting the pharmacological profile of tetracyclic
analogs (A). “Hits” 1 and 6 were subjected to a comprehensive SAR campaign elucidating struc-
tural features with distinct effects on CCK1R PAM, CCK1R agonist and AVP2R off-target activity.
(B) Dose–response curves of “hit 1” and “hit 6” (top) and optimized dimethyl thiacyclohexyl analogs
CMP-2 and CMP-9 (bottom) in CCK1R IP-One and AVP2R cAMP assays, both conducted in PAM
format. Data are shown in Tables 4–9.

With the aim to develop PAMs with no or minimal intrinsic agonist activity at CCK1Rs
and no off-target effects, the compounds were profiled in a 16-point dose–response format
in CCK1R IP-One PAM and agonist formats, as well as in AVP2R cAMP assays. We tested
15 direct analogs of “hit 1” with sulfur in the tetracyclic core, a cyclohexyl group as saturated
ring A, and morpholine as residue R1. The results are listed in Table 4.

To explore whether the basic amine is part of an ionic interaction or rather acts via
hydrogen bonds with the receptor, we investigated analogs with a methoxy (CMP-47)
or hydroxy (CMP-49) function instead of the diethyl amine group, as well as analogs
with a butyl (CMP-48), allyl (CMP-50), or phenyl ethyl (CMP-42) attached to an aromatic
amine at the R2 position. None of these analogs showed any CCK1R activity. In addition,
hydrazine (CMP-51), pyrrolidine CMP-64, or diethyl amine CMP-46, directly attached to
the pyrimidine of the core, had significantly diminished responses as well. Furthermore, we
evaluated derivatives connecting distinct side chains to the core via a sulfide bridge. The
acetic acid analogs CMP-45 and CMP-59, the bromo butenyl (CMP-44), or the thiol (CMP-52)
derivatives also displayed no effects. We also tested three compounds with N-substituted
sulfanyl acetamides. Interestingly, the methoxy phenyl (CMP-40) and furanyl methyl
(CMP-65) analogs, but not the bromo phenyl variant (CMP-41), showed strong activation of
AVP2R-mediated cAMP accumulation; however, none of the sulfanyl acetamides showed
any responses in the CCK1R IP-One PAM and agonist assays. Overall, we concluded
that the CCK1R PAM activity likely relies on an ionic interaction of a negatively charged
receptor residue with a basic amine attached to the tetracyclic core via a short alkyl linker
important for correct positioning and orientation. These findings were further corroborated
with 10 molecules containing a propyl or other alkyl side chain at the R1 position and
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non-basic functional groups as R2 substituents (Table 5), since none of these derivatives
showed any significant activity in CCK1R IP-One assays.

Hence, we proceeded to focus on analogs of the tetracyclic scaffold that incorporated
a basic amino group at the R2 side chain.

We were interested to see how much influence the oxygen or sulfur in the tetracyclic
core has on the pharmacological profile (Table 6). We tested CMP-18, the sulfur analog
of “hit 6”, with a propyl side chain at R1, a cyclohexyl ring A, and a dimethyl amine
connected via a propyl linker to the aminopyrimidine of the core (R2). In CCK1R IP-One
assays we found slightly elevated responses in the PAM format (score 2.0) compared to
“hit 6”, while maintaining negligible activity in agonist mode. However, even though the
response was attenuated, the sulfur derivative also maintained a significant off-target effect
at AVP2Rs (score 2.0). We tested three further derivatives of “hit 6” incorporating oxygen
in the core. The extension of the dimethyl amine to diethyl amine (CMP-36) appeared to
attenuate agonist and PAM effects. Removing the hydroxyethyl to obtain the piperazine
analog CMP-12, we were able to increase CCK1R IP-One PAM activity but also effects
on AVP2R with activity scores of 2.2 and 3.3, respectively. In addition, we evaluated the
propyl analog of “hit 1”, CMP-7, which contained a N-diethyl diamino ethyl at R2. We
found improved CCK1R PAM activities (score 2.4) and attenuated off-target effects (score
1.6 AVP2R) compared to the N-dimethyl diamino propyl analog CMP-18. Exchange of the
diethyl amino group into a morpholine (CMP-8) led to increased AVP2R activity (score
2.3). Truncation of the propyl at R1 to methyl (CMP-61) or extension to a butyl side chain
(CMP-32) attenuated agonist and PAM activities. However, keeping the butyl side chain at
R1, condensing ring A to a cyclopentane, and attaching a diamino propyl with a primary
amino group at R2, we obtained analog CMP-5 with improved CCK1R PAM activities
(score 2.7 (IP-One), non-significant intrinsic agonist activity, and minimal AVP2R off-target
effects (score 1.6).

Moreover, we studied 10 analogs with branched alkyl side chains at R1 (Table 7).
The isopropyl analog of “hit 6”, CMP-24, with N-dimethyl diamino propyl at R2 and a
cyclopentyl ring A, showed minimal activity in the IP-One PAM assay (score 1.8) and
minimal off-target effects in AVP2Rs (score 1.6). Truncation to N-dimethyl diamino ethyl
resulted in CMP-20, which showed a very similar profile with slightly increased PAM
activity in CCK1R IP-One (score 1.9). Exchanging the dimethyl amine to a morpholine,
oxygen to sulfur, and cyclopentyl to cyclohexyl (CMP-54), we found that the compound
had an inverted selectivity profile, with no significant activity in CCK1R PAM format,
while maintaining activity at AVP2Rs (score 2.0). Additionally, the direct analog of this
compound but with an isobutyl sidechain at R1 (CMP-34) displayed the same AVP2R-
selective profile. We investigated other isobutyl analogs with oxygen in the tetracyclic
core, four of which contained a cyclopentyl ring A. The N-dimethyl diamino ethyl analog
(CMP-21) showed similar activity in CCK1R IP-One PAM and AVP2R counter-screen assays
(score 1.9 (CCK1R), 1.7 (AVP2R)). Substitution of the dimethyl amine to diethyl amine
(CMP-33) resulted in attenuated responses. Elongation of the linker to diamino propyl
(CMP-10) resulted in enhanced responses in both CCK1R IP-One PAM (score 2.3) and
AVP2R cAMP (score 2.2) assays. Interestingly, the N-dimethyl diamino propyl analog
(CMP-13) maintained CCK1R PAM activity in IP-One assays (score 2.2) and showed non-
significant effects in the AVP2R counter-screen (score 1.4). In contrast, the cyclohexyl
analogs CMP-25 and CMP-15, with a N-dimethyl diamino ethyl and piperazine group at
R2, respectively, appeared to be AVP2R-selective (scores 3.0–3.8) with moderate CCK1R
PAM activities (scores 1.8–2.0).

Then, we evaluated seven analogs with a piperazine side chain at R1 (Table 8). CMP-6,
the direct analog of “hit 1”, demonstrated robust CCK1R IP-One PAM activity (score 2.6)
with minimal activity at AVP2Rs (score 1.7). Removal of the two ethyl groups from the
basic amine resulted in the primary amine analog CMP-22, which showed a very different
activity profile. CMP-22 maintained moderate CCK1R IP-One PAM activity (score 1.9).
However, it demonstrated strong off-target activity (score 2.9 (AVP2R)) and substantial
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CCK1R intrinsic agonist activity (score 2.5 (IP-One). Interestingly, the dimethyl amino
analog CMP-35 showed attenuated activities in CCK1R IP-One PAM (score 1.5) and AVP2R
cAMP (score 1.6) assays. Moreover, changing the pyrimidine ring to a triazine within
the tetracyclic core but keeping the N-dimethyl diamino ethyl group (CMP-27), we found
the desired CCK1R PAM profile with an activity score of 1.7, and no intrinsic agonist
activity. However, CMP-27 induced strong responses in AVP2R cAMP assays (score 3.5).
Additionally, the triazine analog with a slightly elongated N-dimethyl diamino propyl
moiety at R2 (CMP-23) demonstrated a similar profile, but substantial off-target activity
(score 2.9 (AVP2R)). We also restrained the tertiary amine with an N-methyl piperazine
analog containing the pyrimidine ring at the core (CMP-31), which resulted in weak PAM
activities at CCK1Rs (scores 1.5 (CCK1R IP-One). As the last analog in this subset, we tested
a diamino ethyl primary amine analog containing a methyl instead of a cyclohexyl ring
(CMP-29). This modification led to increased agonist activity (score 2.3) over CCK1R PAM
responses (score 1.6).

Next, we characterized four analogs incorporating a phenyl side chain at R1. The
direct analog of “hit 1” (CMP-11) with N-diethyl diamino ethyl function at R2 displayed an
overall promising profile with good CCK1R PAM activity (scores 2.3), and no to minimal
intrinsic agonist activities (scores 1.0). However, CMP-11 was not selective towards CCK1R
with an AVP2R activity score of 2.4. Truncation of the ethyl groups to a dimethyl amine led
to a compound (CMP-14) with a very similar CCK1R activity profile but that appeared to
enhance the preference for AVP2Rs (score 3.0). Interestingly, incorporating a morpholine
with reduced basicity as a tertiary amino function (CMP-26), we found a molecule with
moderate CCK1R PAM activities (scores 1.8), no to minimal intrinsic agonist activity, and,
moreover, negligible off-target effects (score 0.9 (AVP2R)). For structural variations, we
also tested an analog with cyclopentyl ring A and an N-hydroxyethyl piperazine at R2
(CMP-37). This combination of residues resulted in a loss of activities across all formats.

The final subset of analogs we investigated in more detail were “hit 1” derivatives
containing a morpholine as side chain R1 (Table 9). “Hit 1” (CMP-1) demonstrated its
highest activity in the CCK1R IP-One PAM primary screening assay (score 2.9), with
no significant intrinsic agonist activity and minimal off-target effects (score 1.0 (AVP2R).
Truncation of the diethyl to dimethyl amine (CMP-4) resulted in slightly higher AVP2R
activity (score 1.2) with overall similar, but slightly attenuated responses in CCK1R assays.
CMP-19, with a conformationally restrained N-methyl piperazine residue, R2, showed
diminished signaling across all assays with modest effects in CCK1R IP-One PAM mode
(score 1.9). Interestingly, removal of the methyl group from the piperazine resulted in
analog CMP-3 with improved CCK1R IP-One activity (score 2.8) and minimal AVP2R
off-target response (score 1.6). At this point, we also compared a piperazine analog with a
diethyl amino group as R1 and a methyl instead of ring A (CMP-16). This overall truncated
analog showed attenuated responses across all formats with a CCK1R IP-One PAM activity
score of 2.0. CMP-17, the triazine analog with cyclohexyl ring A and a N-dimethyl diamino
propyl side chain at R2, displayed a weak but overall promising pharmacological profile
with modest CCK1R PAM activity (scores 2.0), no intrinsic agonist activity, and minimal
AVP2R off-target effects (score 1.2). However, the pyrimidine analog with N-dimethyl
diamino propyl at R2 and a cyclopentyl ring A (CMP-43) showed no agonist or PAM
activity. We found analogs with a dimethyl thiacyclohexyl ring A, which we thought would
expand the molecule and add bulkiness to the cyclohexyl moiety. CMP-2, the direct analog
to “hit 1” with an N-diethyl diamino ethyl function at R2, displayed a very promising
profile with robust CCK1R IP-One PAM activity (score 2.8) and a non-significant agonist
response. Moreover, the introduction of the dimethyl thiacyclohexyl moiety eradicated
responses in AVP2R cAMP assays. Additionally, the truncation of the diethyl to a dimethyl
amino group (CMP-9), which tended to enhance AVP2R signaling for other molecules,
maintained strong CCK1R-selectivity (score 2.3) by carrying the dimethyl thiacyclohexyl
ring A.
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To evaluate more globally how distinct modifications influence CCK1R PAM activity,
we performed an R-group analysis (Figure 7). We looked at the 40 analogs containing a
basic amino function and grouped them based on their R1 and R2 side chains, whereas
the distinct R2 modifications were plotted on the x-axis and the different R1 side chains
were plotted on the y-axis. The order of residues was determined by the CCK1R PAM
activity score as a median value for each group with the same R1 or R2 residues, ranking
the best modifications at the bottom-left corner. The R-group analysis confirmed that the
morpholine at R1 and a N-diethyl diamino ethyl side chain as R2 seemed to generally
enhance the activities of the tetracyclic scaffold. CMP-5, which is constituted by a butyl side
chain at R1 and a diamino propyl with a primary amino group at R2, is only a single data
point and is therefore difficult to compare with other residues. However, it could indicate
a potentially promising direction for a future targeted medicinal chemistry effort. Next,
we wanted to verify that the activity score reflects potencies and efficacies of the analogs.
Therefore, we colored points, representing a distinct molecule, based on their potencies
(red—white—blue, with blue being best potency), and modified the point sizes according
to their efficacies (the bigger the more efficacious). We found that red-colored compounds
were largely found at the right-top, whereas blue-colored molecules with larger points had
tendencies towards the bottom-left corner, indicating that the activity score is a good tool
to rank order compounds and residues.

Figure 7. R-group analysis of 40 tetracyclic analogs with basic amino functions. Compounds
identified by R1, R2, and point shape (ring A); point color indicates CCK1R PAM EC50 (μM), point
size indicates CCK1R PAM Emax (%); R1 and R2 groups ranked via median activity score with
higher scores at bottom left corner. R-group analysis was generated via the Certara D360 scientific
informatics platform.

Upon CCK binding, the CCK1R preferably coupled to Gq/11 proteins; however, at
higher concentrations of CCK, CCK1R-activated Gs signaling was observed as well. There-
fore, we investigated our original hits and our best analogs incorporating the dimethyl
thiacyclohexyl ring at R1 for their ability to enhance CCK-mediated cAMP accumulation
in HEK-293 cells overexpressing CCK1R. We utilized an EC20 concentration of CCK for
basal stimulation and found that “hit 1” (EC50 14.7 ± 7.3 μM, Emax 48 ± 31%; n = 8) and
“hit 6” (EC50 15.6 ± 12.4 μM, Emax 56 ± 26%; n = 8) showed comparable PAM activity in
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cAMP as in IP-One assays. We further evaluated CCK1R-selective dimethyl thiacyclohexyl
analogs CMP-2 (EC50 6.0 ± 0.9 μM, Emax 28 ± 3%; n = 2) and CMP-9 (EC50 5.9 ± 0.1 μM,
Emax 30 ± 1%; n = 2), which demonstrated slightly improved potencies but attenuated effi-
cacies compared to the original hits, in alignment with their activities in IP-One PAM assays.
Hence, this tetracyclic CCK1R PAM scaffold seems to universally enhance CCK-mediated
CCK1R signaling without discriminating between the distinct G protein pathways.

4. Discussion

Obesity is a major health problem around the world, with ongoing clinical need for
new effective management strategies [13–17]. While CCK1R was long ago identified as a
potential target for such therapy [1,18], full agonists of this receptor failed to meet primary
end points in clinical trials, since they were no more effective than acute dieting to induce
weight loss [19–22]. There was hesitance in preparing more potent and longer duration
agonists, which were expected to have pronounced side effects and potential on-target
toxicity [23–25]. However, we proposed a distinct strategy to utilize PAMs [26] of CCK
action at CCK1R that possessed minimal or no intrinsic agonist activity [2,3,5]. Such an
agent would be expected to enhance the satiety effect of endogenously released CCK
during and after a meal to reduce meal size in a temporally finite manner. There was also
the additional benefit that such an agent could reverse the negative impact of elevated
membrane cholesterol on stimulus–activity coupling at this receptor [27,28].

We recently described our effort to identify candidates with this pharmacologic profile
in a high throughput screening effort targeting small molecules [6]. Characterization and
optimization of the best candidate scaffold identified in that work is the focus of the current
report. This is a tetracyclic scaffold represented by “hit 1” and “hit 6” from the earlier
report [6]. Here, we extensively characterize these candidates and demonstrate that they
possess all the pharmacologic characteristics being sought. This includes the ability to
enhance CCK action both in normal healthy cells and those with increased membrane
cholesterol. They also exhibit minimal intrinsic agonist action under either condition.
Under conditions in which they behave as PAMs, they do not induce CCK1R internalization,
thereby priming this receptor to enhance the activity of endogenous released hormone at a
temporally appropriate time.

We further conducted comprehensive structure–activity relationship studies to elu-
cidate structural determinants for developing a PAM without intrinsic agonist activity.
Therefore, we acquired 63 commercially available analogs of the original hits. We deter-
mined an activity score to facilitate the comparison and ranking of analogs that might
be dependent on impact on potency and/or efficacy to exert positive allosteric effects. A
previous study [29] proposed the calculation of Rmax/R50 or ΔLog(Rmax/R50) as a system-
independent scale of relative activity, which also includes both parameters, potency and
efficacy, of a compound dose–response determined in a PAM screening assay. We calculated
both the activity scores and Log(Rmax/R50) values for our CCK1R PAMs and found that
Log(Rmax/R50) relies excessively on the potency of a compound rather than also consid-
ering its efficacy. For example, for our most promising analogs in the CCK1R IP-One
PAM assay, “hit 1” (EC50 12.8 μM, Emax 60%) and CMP-2 (EC50 9.2 μM, Emax 57%), we
calculated Log(Rmax/R50) values of 4.7 and 4.8 compared to activity scores of 2.9 and 2.8,
respectively. Hence, in contrast to utilizing the activity score, CMP-2 would display a
slightly higher PAM activity compared to “hit 1” using Log(Rmax/R50). However, for an
analog with minimal efficacy, such as the non-basic molecule CMP-38 (EC50 7.6 μM, Emax
20%), we assessed a Log(Rmax/R50) of 4.4 and activity score of 1.0. Hence, in this case the
Log(Rmax/R50) would have overstated the strength of CMP-38, whereas the activity score
displayed it as a molecule with non-significant activity. We believe that the Log(Rmax/R50)
might be superior for smaller sets of analogs with overall strong effects, while we found
that the activity score worked better as a tool for SAR of larger sets of analogs derived from
an HTS campaign that often start with moderate potency and efficacy.
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One aim of this study was to further investigate the scaffolds we had identified
in our HTS campaign [6] using the analog-by-catalog approach. Our target molecule
would need to meet four criteria to display the desired pharmacological profile and justify
expanded medicinal chemistry approaches. Firstly, the target molecule should display
substantial positive modulation of CCK-mediated CCK1R Gq-signaling. Secondly, the
desired compound should display no to minimal intrinsic agonist activity at CCK1Rs. As a
third criterion, the molecule should maintain its CCK1R PAM profile in an environment
with elevated cholesterol. As the fourth critical point, the compound should be selective
toward CCK1Rs.

Initially, we tested our original “hits” having the tetracyclic scaffold and found that
both displayed the desired profile of a CCK1R PAM with minimal intrinsic agonist activ-
ity [6], and moreover, both compounds maintained their PAM effects at CCK1R-Y140A
cells [11] or in a system with excess cholesterol [10] (Figure 3). However, the original hits
showed significant off-target effects at AVP2Rs [6]. Hence, one of our main goals for this
study was to investigate structural modifications that would be able to eliminate the unde-
sired AVP2R activity, while maintaining or enhancing clean PAM effects at CCK1R-WT.

Using the activity score as a ranking tool for PAMs, we were able to identify structural
components contributing to distinct pharmacological effects. After comprehensive SAR
analysis of 65 commercially available analogs, we observed the following overall trends:
(i) A basic amino function at the R2 position is required for CCK1R PAM activity, but not
necessarily for AVP2R signaling. (ii) Most of the tested analogs displayed no or insignificant
intrinsic agonist activity in the CCK1R IP-One format, except analogs with a combination
of a primary diamino ethyl group at R2 and a piperidine moiety at R1 (CMP-22, CMP-29).
(iii) In general, analogs with an N-diethyl diamino ethyl side chain at R2 showed reduced
AVP2R off-target effects compared to direct analogs with N-dimethyl diamino ethyl groups.
This could indicate steric clashes with AVP2Rs at this position. (iv) In addition, a direct
comparison of a sulfur (CMP-18) and oxygen (“hit 6”) (CMP-28) analog indicated enhanced
CCK1R PAM activity with reduced AVP2R signaling for CMP-18.

Overall, cyclohexyl analogs at ring A showed more promising profiles than methyl or
cyclopentyl derivatives, except CMP-5, which carries a butyl sidechain at R1 and a diamino
propyl function at R2. CMP-5 displayed substantial CCK1R PAM activity in IP-One (score
2.7) assays with minimal but still significant AVP2R activation (score 1.6). Thus, it is likely
a combination of distinct structural components that leads to the required positioning and
steric hindrance to mediate the desired selectivity.

A significant finding was that the substitution of the cyclohexyl ring to a dimethyl
thiacyclohexyl moiety was able to completely eradicate AVP2R effects while maintaining
CCK1R PAM activity in the IP-One format. This substantiated our hypothesis that slight
structural expansion could induce steric clashes at AVP2Rs but not in the allosteric pocket
of CCK1Rs.

Hence, we were able to demonstrate that structural modifications can eliminate un-
wanted activity at AVP2Rs but found limitations using the analog-by-catalog approach. We
think that specific combinations, such as incorporating a dimethyl thiacyclohexyl ring and
attaching specific residues suggested by the R-group analysis (Figures 6 and 7), would be
excellent starting points for a planned medicinal chemistry effort. Therefore, we believe
that the insights gained in this study will greatly improve our future hit-to-lead campaign
using targeted organic synthesis of analogs or computational docking of PAMs into the
recently solved cryo-EM structure of CCK1R [30].
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Abstract: G-protein coupled receptors (GPCRs), one of the largest superfamilies of cell-surface
receptors, are heptahelical integral membrane proteins that play critical roles in virtually every organ
system. G-protein-coupled receptors operate in membranes rich in cholesterol, with an imbalance
in cholesterol level within the vicinity of GPCR transmembrane domains affecting the structure
and/or function of many GPCRs, a phenomenon that has been linked to several diseases. These
effects of cholesterol could result in indirect changes by altering the mechanical properties of the
lipid environment or direct changes by binding to specific sites on the protein. There are a number of
studies and reviews on how cholesterol modulates class A GPCRs; however, this area of study is yet
to be explored for class C GPCRs, which are characterized by a large extracellular region and often
form constitutive dimers. This review highlights specific sites of interaction, functions, and structural
dynamics involved in the cholesterol recognition of the class C GPCRs. We summarize recent data
from some typical family members to explain the effects of membrane cholesterol on the structural
features and functions of class C GPCRs and speculate on their corresponding therapeutic potential.

Keywords: G-protein-coupled-receptors; GPCRs; membrane protein; protein–lipid interactions;
sterols; cholesterol; class C GPCRs

1. Introduction

Many recent studies are geared towards deciphering the structures of G-protein
coupled receptors (GPCRs) through several methods, most commonly crystallography and
cryogenic electron microscopy (Cryo-EM). This is simply because many medications are
designed to target GPCRs due to their central role in many biological functions. All GPCRs
in a lipid bilayer are not stand-alone molecules, rather they interact with other components
of the bilayer e.g., lipids and sterols, most notably cholesterols [1]. Some members of
GPCRs exist and function as monomers, especially within the class A GPCRs, while other
GPCRs, mostly the class C GPCRs, form dimers [2,3], and oligomers with themselves
or other GPCRs [4]. Most recently, several determined GPCR structures often existing as
dimers, appear to indicate the presence of cholesterol. A notable example is the 2-adrenergic
receptor (2AR), a class A GPCR crystallized with cholesterol molecules and a component of
the dimer interface consisting of the addition of post-translational palmitate groups from
each protomer [1]. GPCRs function within cholesterol-rich membranes and an insufficient
or excessive amount of cholesterol within the membrane could induce conformational
changes in many GPCRs which would result in various diseases [5,6]. These effects of
cholesterol could result in indirect changes by altering the mechanical properties of the
lipid environment or direct changes by binding to specific sites on the protein [7–9]. There
are a number of studies and reviews on how cholesterol modulates class A GPCRs, but this
area of study is yet to be fully explored for class C GPCRs. Recent advances in experimental
and computational power have enabled researchers to investigate the role of lipids in
various membranes and solvable proteins, at the atomic level using molecular dynamics
simulation [10–18].
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Class C GPCRs consist of about 23 receptors with a unique characterization com-
pared to other GPCR classes and exist as obligate homo- (e.g., CaS) [19–22] or hetero-
(e.g., GABAB) dimers [23–26]. They are made up of three unique structural elements: a
seven-transmembrane domain which is responsible for allosteric ligand recognition but is
uniquely dimeric in the case of class C GPCRS [27]; an unusually large extracellular venus
flytrap domain (VFT) which has a double-lobed structure with a crevice between them to
serve as the orthosteric binding site; and a cysteine-rich domain (CRD) that links the VFT
region to the 7TM region (Figure 1) [3]. However, some class C GPCRs, like GABAB recep-
tors, lack the cysteine-rich domain [24,25,28–30]. Due to these distinct structural features
and mandatory dimerization, the class C GPCRs have been the most complex of the GPCRs
in terms of understanding their activation mechanism [31–35]. Using several methods such
as crystallization [30], lipid cubic phase [36], and most commonly single particle Cryo-EM,
structures of over 20 human class C GPCRs have been solved to date [37], comprising
metabotropic glutamate receptors (mGluR1–5, mGluR7) [36,38–46], gamma-aminobutyric
acid receptors (GABAB1 and GABAB2) [23,24,47], calcium-sensing receptors (CaS) [48–50],
the extra-cellular domain of taste receptors (TAS1R1–TAS1R3) [51–55], and orphan recep-
tors (GPR158, GPR179, GPR156) [56–60]. Similarly to other GPCR structures, class C GPCR
structures are solved with inclusion of cholesterol or cholesteryl hemisuccinate (CHS) to the
detergent mix during crystallization and recently, Cryo-EM (Table 1). However, some of the
structures also have bound cholesterol or cholesteryl hemisuccinate acting as ligands to the
already determined structures (Table 1). The argument for cholesterol addition varies from
stabilizing the protein to aiding dimerization. Experimental analysis and, most recently,
molecular dynamics simulations [16,17,61–64] have been used to decipher the possible role
of cholesterol in these protein structures. In this review, we will discuss the relevance and
position of cholesterol molecules in class C GPCR structures and functions.

4or2_modelled.pdb

Venus fly-trap 
domain

Cysteine-rich
 domain

Transmembrane 
region

Figure 1. Representation of a class C GPCR (a full length human mGluR5) showing the different
regions as: VFT (magenta), CRD (green), and 7TM region (blue). (PDB ID: 7FD8).
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Table 1. Solved class C GPCR structures with cholesterol acting as ligands.

Name PDB ID * Number of Sterols in TM

mGluR1 4OR2 [36] 6 CLR
mGluR5 7FD8 [45] 2 CHS
GABAB 6WIV [24] 10 CLR

7CUM [65] 16 CLR
7CA3 [65] 3 CLR

CaSR 7SIM [66] 8 CLR
7SIL [66] 8 CLR

Orphan receptor (GPR158) 7SHF [56] 22 CLR
7SHE [56] 22 CLR **

* Data obtained from protein data bank (PDB) database (https://www.rcsb.org, accessed on 9 February 2023).
Citations to the PDB structures are included. ** CLR cholesterol; CHS cholesteryl hemisuccinate.

1.1. Cholesterol–Membrane Interactions

The plasma membrane of eukaryotic cells consists of various lipids displaying high
biochemical variability in both their apolar moiety and their polar head [67,68]. Sterols are a
class of lipids that are a key component of the plasma membrane and are characterized by
their steroid hydrocarbon ring structure. One specific sterol, cholesterol, makes up a vital part
of the plasma membrane of eukaryotic cells. Cholesterol is crucial for membrane dynamics
and organization [69–71] and it is also necessary for viability and cell proliferation [72]. The
structural features of cholesterol qualify it to interact with proteins and other membrane
lipids in several different ways through a variety of different interaction domains [67].
Cholesterol consists of a tetracyclic fused ring skeleton with a single hydroxyl group, a
double bond, and a flexible iso-octyl hydrocarbon sidechain [73] which allows it to take on a
wide array of conformations [67]. The hydroxyl group is said to contribute significantly to the
amphiphilic behavior of cholesterol, causing it to orient in membranes [74]. It is also essential
in the hydrogen bond formation between cholesterol and water [75], as well as other lipid
membranes in the cell [76]. The hydroxyl group can form two distinct types of hydrogen
bonds (acceptor and donor) with a polar group belonging to either a membrane lipid or a
protein. Cholesterol is able to affect the physical behavior and dynamics of the cell membrane
by interacting with membranes rich in sphingolipids such as lipid “rafts” [77–79], or by being
present in the liquid disordered (Ld) phase of membranes which contain a large number of
glycerophospholipids such as phosphatidylcholine [80]. As a result, cholesterol can alter the
properties and dynamics of proteins in the membrane [73,81–83]. When bound to cholesterol,
some integral membrane proteins could become activated or inactivated [84–86]. In recent
times, there has been considerable interest in cholesterol interaction sites in membrane
proteins. Certain proteins function in cholesterol-rich domains, while others have direct
interactions with cholesterol through their transmembrane domains, and sometimes act as
ligands [11,61]. The more common cholesterol binding sites in membrane proteins include the
cholesterol recognition/interaction amino acid consensus (CRAC)/CARC domain [87], the
cholesterol consensus motif (CCM) [88,89] and the sterol-sensing domain (SSD) [90,91]. All
of these listed are structural features in proteins that could result in preferential involvement
with cholesterol. Several studies have shown that protein–cholesterol interactions are more
common in proteins with sequences comprising of the CRAC motif [92], a short peptide
segment at the tail of a transmembrane helix comprising of 5–13 amino acid residues. The
CRAC motif consists of a well defined linear sequence of amino acids [67,92–97] identified
via the following pattern: a leucine or valine residue, 1–5 non-specific amino acid residues,
tyrosine, another 1–5 residues of any amino acid, and finally a lysine or arginine residue
[-L/V-(X)1–5-Y-(X)1–5-R/K-, with (X)1–5 representing between one and five residues of
any amino acid] [92–95]. Rhodopsin, the β(2)-adrenergic receptor, and the serotonin(1A)
receptor are examples of GPCRs that have been identified with the CRAC motif recognition
site [92]. The major difference between the CARC and CRAC motif is that one exhibits
a preference for the outer membrane leaflet (CARC), while the mirror sequence (CRAC)
is located in the inner membrane leaflet [98,99]. A double CARC-CRAC motif has been
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identified within the transmembrane domains of some membrane proteins [10,98]; however,
the limiting factor of the CRAC/CARC sequence is that they are based on a linear (1D)
sequence motif, as opposed to cholesterol-binding sites which consist of a three-dimensional
(3D) structure [100]. Another common motif is the CCM, which is defined by four spatially
distributed interactions with cholesterol: an aromatic Trp158, conserved in 94% of class A
GPCRs; a hydrophobic Ile154 conserved in 35% of class A GPCRs (both residues in helix
IV); an aromatic Tyr70 from helix II, which forms a hydrogen bond with Arg151 from helix
IV [101–103]. This motif was established from the analysis of the human β2-adrenergic
receptor in a complex with timolol and two molecules of cholesterol [101]. CCM can either be
described as strict or less restrictive [101,104]. The strict variant is found in 21% of the class A
GPCRs, while the less-restrictive variant, defined by the absence of the aromatic residue from
helix II, is present in 44% of class A GPCRs [101,103,104]. Additionally, the sterol-sensing
domain is another significant cholesterol recognition motif with a larger protein segment
and comprises five transmembrane helices. The sterol-sensing domains usually consist of a
tetrapeptide amino acid sequence— tyrosine, isoleucine, tyrosine, and phenylalanine (YIYF)—
which has been found to be present in other lipid-raft associated proteins without the SSD
motif [90,91,94]. Studies have shown that the presence of the YIYF amino acid sequence alone
can interact with the cholesterol-rich domain [90,91,94,105,106]. Finally, START proteins have
also been identified as a cholesterol binding motif, with the transport of cholesterol molecules
being their primary function [107,108]. Proteins with the START domain [109] are able to
transfer lipids between membranes and can interact with cholesterol [94]. While all of these
are cholesterol-binding motifs in membrane proteins, the CARC-CRAC motif is the major
cholesterol interaction site that has been observed in GPCRs.

1.2. GPCR–Cholesterol Interactions

G-protein-coupled receptors are a superfamily of integral membrane proteins in the
human genome, constituting one of the largest classes of clinical drug targets [110–113].
Often distinguished by a characteristic seven transmembrane helices plus an eighth helix
that lies underneath the surface of the layer, GPCRs depend on a relationship with the
lipid membranes in their physical environment to perform their function [11,62]. As per
the phylogenetic investigation, most GPCRs belong to one of four classes, i.e., A, B, C, and
Frizzled. The class-C GPCR family contains metabotropic glutamate receptors (mGluR1–8),
γ-aminobutyric acid receptors, a few taste-detecting receptors (TAS1R1-3), Ca2+-detecting
receptors (CaS), and orphan receptors [114]. One trademark highlight of the class-C GPCRs
is their dimerization, either into homo- or hetero-dimers, which is requisite for their proper
functioning [40]. Cholesterol assumes an essential role in the function of a significant
number of GPCR structures [115]. It does this by binding to a number of GPCRs, including
rhodopsin [116], oxytocin [117], μ-Opioid [118], and serotonin 1A receptors [119], at both
canonical and non-canonical binding sites, consequently altering their ligand-binding
activity allosterically, which could result in the activation or inactivation of the protein.
For example, cholesterol is reported to influence Hedgehog (Hh) signaling as a means of
activating the Smoothened orphan receptor (SMO) which belongs to GPCRs [120]. As such,
it has been determined that cholesterol can influence the stability, oligomerization, and
ligand-binding affinity of GPCRs [12,63,116,119,120]. Two mechanisms have been proposed
by which cholesterol might influence the structure and function of GPCRs: directly, through
specific interactions with the GPCRs; indirectly, by altering the physical properties of the
membrane; or perhaps some combination of the two mechanisms [61,92,121,122]. Recently,
several GPCR structures have been determined through X-ray diffraction and even more
through Cryo-EM. A large percentage of these structures have been stabilized by site-
specific cholesterol binding, although it is uncertain if these cholesterol associations are due
to recurring cholesterol-binding motifs or if the experimental technique used determines
the method of cholesterol binding. A comprehensive study by Taghon et al. [88] showed
that cholesterol binding in both X-ray and Cryo-EM structures is much the same. They also
indicate that about 92% of cholesterol molecules on GPCR surfaces are located in predictable
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locations that do not require cholesterol-binding motifs [88]. The importance of cholesterol
in GPCR structural dynamics has been identified in some GPCR structures, especially
within the class A family (e.g., the presence of CCM in the β2-adrenergic receptor [101]). In
some cases, CHS has been used to substitute cholesterol in GPCRs, although the validity of
this replacement has been contested [93,123–125]. The CRAC motif has been established as
a characteristic feature of the serotonin (1A) receptor [126], the β2-adrenergic receptor [127],
cholecystokinin [121], cannabinoid (CB1) receptor [128], etc. [92,93,129], indicating that the
interaction of cholesterol with GPCRs could be specific in nature. However, another group
of researchers suggested that the presence of CRAC/CARC motifs does not automatically
prove that cholesterol interacts within those binding motifs [130]. On the flip side, their
impact on class C GPCRs is yet to be fully explored [36]. The significance of cholesterol
to GPCR structures and their functional dynamics is an ongoing question that is yet to be
fully elucidated [93].

2. Significance and Interaction Sites of Cholesterol in Class C GPCRs

2.1. Metabotropic Glutamate Receptors (mGluRs)

Metabotropic glutamate receptors (mGluRs) are a family of G protein-coupled recep-
tors that are significant in regulating neurotransmission [131–133]. GPCRs are membrane-
bound proteins expressed in the central nervous system (CNS), and their physiological
functions are dependent on their lipid environment [134]. There are three groups with eight
subtypes of mGluRs that are classified based on G-protein coupling and ligand selectiv-
ity [40,135]. Group I consists of mGluR1 and mGluR5, which are linked to the activation of
phospholipase C (PLC) to increase diacylglycerol (DAG) and inositol triphosphate (IP3),
Group II includes mGluR2 and 3 [136], Group III is comprised of mGluR4, 6, 7, and 8.
These last two groups are linked to the inhibition of adenylyl cyclases (ACs) [137,138].
In mammalian cells, cholesterol is highly concentrated in the plasma membrane but low
in the intracellular membrane [139]. Cholesterol affects receptor function by affecting
the membrane’s fluidity or interacting with the receptor’s binding site [140] and moves
freely between the inner and outer leaflets [141]. In lipid rafts, plasma membranes are
rich in cholesterol and sphingolipids within their lipid domains, and the cholesterol forms
specific interactions with GPCRs including mGluR1 and mGluR2. Research has shown
that cholesterol aids the dimerization of mGluR2 and mGluR5 through interactions with
the TM4/TM5 domains and also through the TM1/TM2 domains of mGluR1 [142–144].
In mGluRs, investigations from several scientists have suggested specific interaction sites
for mGluR1 and mGluR2 [40,145]. A study has revealed the presence of a CRAC motif in
the transmembrane helix 5 domain of mGluR1, which is conserved for all mGluRs. The
CRAC motif located in TM5 plays an important role in supporting mGluR1 recruitment
to the lipid raft as a result of agonist binding [143]. It has been reported that mutations
in this motif affect both signaling and the association of mGluR1 with cholesterol-rich
membrane domains [143]. Another group has experimentally determined that within the
transmembrane domain of mGluR1, cholesterol is localized within the helix I homodimer
interface. Intriguingly, this was observed through analyses of the crystal structure of the
transmembrane domain of mGluR1, bound by six cholesterol molecules mediating the
dimer interface, which in this case is mainly composed of the TM1 helices from both
protomers (Figure 2). It has been suggested that these cholesterol molecules stabilize the
dimerization of mGluR1 (PDB:4OR2) [36]. In addition, by increasing cholesterol levels,
mGluR1 signaling efficiency is enhanced upon stimulation by an agonist, while by lowering
cholesterol levels, extracellular signal-regulated kinase-mitogen-activated protein kinase
(ERK-MAPK) activation via mGluR1 is inhibited [143,146]. In this way, lipid rafts and
membrane cholesterol act as positive allosteric modulators (PAM) of the group I mGluR
signaling pathway. Therefore, it is possible to modulate abnormal group I mGluR behavior
in neuropsychiatric conditions (fragile X syndrome and autism) through the use of drugs
such as statins and cyclodextrins, which affect membrane cholesterol levels [143]. Further-
more, the role of cholesterol has also been considered for class II members of mGluRs. A
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number of neuropsychiatric conditions, including depression, Alzheimer’s disease, and
Parkinson’s disease, as well as different types of cancer, have been treated with these same
classes of drugs [147–149]. The binding of glutamate to mGluR2 dimers results in the
transmission of a signal across the transmembrane domain of the receptor that prevents
the activity of adenylate cyclase via the Gi/o protein [135]. In a study, the interaction
of cholesterol with mGluR2 was demonstrated across 2 to 5 sites in the transmembrane
domain of mGluR2 [135], using molecular dynamics simulations [150–152], biochemical ap-
proaches, and photocrosslinking experiments. It was observed that mGluR2 is modulated
by their surrounding lipid environment, particularly cholesterol, through an unknown
mechanism. The CRAC/CARC motif and a cholesterol consensus motif (CCM) were sug-
gested as cholesterol-binding motifs in GPCRs [67,153]. A central aromatic amino acid that
interacts with sterols is a common characteristic of some of the motifs described [135]. A
recent computational study conducted by Bruno et al. [154] found that the conformational
differences observed in the helical structure of the mGluR2-TM8 domain can be used as
an indicator to detect the presence of cholesterol in metabotropic glutamate receptors and
GPCRs. They observed that the inclusion of higher levels of cholesterol in the membrane
stabilizes the transmembrane helix 8 (TM8) of mGluR2, while a lack of cholesterol results
in destabilization of the TM8 domain [154]. However, the role of cholesterol in the third
group of mGluRs remains unknown.

PDB ID: 4OR2 PDB ID: 7FD8

Figure 2. Crystal structure of mGluR1 (grey) in an inactive state, and a Cryo-EM structure of an
intermediate-active mGluR5 (blue), determined with 6 molecules of cholesterol (red) and 2 molecules
of CHS (magenta), respectively.

2.2. GABAB Receptors

In mammals, GABA (γ-Aminobutyric acid) is one of the major inhibitory neurotrans-
mitters. In order for GABA to exert its effects, it must bind to at least two different receptor
classes: GABAA and GABAB. Approximately 20 to 50% of the brain’s synapses contain
GABAA receptors [155]. They are pentameric receptors belonging to a superfamily of
ligand-gated ion channels [29]. Unlike GABAA, GABAB receptors are members of class
C GPCRs with the typical classification of an N-terminal VFT region: a 7TM domain,
and a C-terminal intracellular domain [24,30,156]. GABAB receptors function as inhibitor
receptors by opening potassium channels, reducing the activity of adenylate cyclase and
calcium channels [157]. There are few solved structures of GABAB receptors containing
cholesterol, deposited on the protein data bank (Figure 3), and subsequently, there is little
knowledge of the effect of membrane cholesterol on the GABAB receptors. Experimental
investigations have shown that cholesterol enrichment and depletion both decrease GABA
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potency, resulting in an up to fourfold increase in EC50 [158]. The structures of GABAB
receptors with cholesterol were determined based on ligand type because the presence of
a ligand can change how cholesterol interacts with the receptor. For instance, in absence
of ligands, it is feasible that there is no interaction between cholesterol and the receptors.
However, for systems bound to an antagonist, 10 and 16 molecules of cholesterol [24,65]
were bound between the protomers of the transmembrane dimers [115] (Figure 3). Thus,
It can be suggested that the ligands may have caused some conformational changes in
receptors allowing greater binding to cholesterol. Moreover, three cholesterol molecules
were attached to the GABAB receptor bound to a positive allosteric modulator (PAM) [65]
(Figure 3). Therefore, the variation in cholesterol binding between two different ligand
classes can indicate the potentially significant role of ligands in the interaction between
cholesterol and the receptors.

PDB ID: 7CUM PDB ID: 7CA3 PDB ID: 6WIV

Figure 3. Visual representations of GABAB receptors in active state (orange) and inactive states
(red and gray), determined by single particle Cryo-EM. They include 2 (orange), 17 (red), and 16
(gray) bound cholesterols, respectively, within the transmembrane region. The figures here show
the transmembrane region only bound to cholesterol (cholesterol molecules are shown as cyan and
green sticks).

2.3. Taste Receptor

TAS1R1 and TAS1R2 were among the first determined subfamilies of taste-related
GPCRs. Prior to identifying their physiological ligands, they were originally classified
as orphan receptors [159]. Subsequently, some scientists identified a member, TAS1R3,
through a fusion of molecular biological and genetic approaches [160]. These three members
(TAS1R1-3) code for sweet and umami tastes and are classified as class C GPCRs. The
sweet taste signals are activated by TAS1R2 and TAS1R3 heterodimers, while the umami
taste signals are transduced by heterodimers of TAS1R1 and TAS1R3 [161]. Therefore, the
class C taste receptors consist of either TAS1R1 or TAS1R2, interacting with a common
subunit TAS1R3. Similar to other class C GPCRs, they exist as obligate dimers and are
characterized by a large extracellular N-terminus, which houses the orthosteric ligand-
binding site, while the allosteric binding sites are present in the cysteine-rich domain
and/or transmembrane region [160]. Due to these multiple binding sites, a single taste
receptor is able to function for various stimuli [53]. The sweet taste receptor is able to
interact with various compounds at a lower sensitivity, unlike most GPCRs, which are
highly selective to specific high-affinity ligands. Cholesterol has been shown to regulate
GPCR signaling in sweet taste receptors [162,163]. A study showing the presence of a CRAC
motif in T2R4 (a subset of GPCRs responsible for bitter taste receptors [164]), explains that
taste receptors are crucial to cholesterol sensitivity [94] and become more sensitive to
cholesterol through a cellular mechanism [92]. Furthermore, they observe electrostatic
interactions between the 3β-hydroxyl group of cholesterol and the positively charged
residue in the cholesterol binding motif [162]. Site-directed mutagenesis and functional
assays have been optimized in the study of putative cholesterol-binding motifs (CRAC and
CARC) to determine the mechanism of cholesterol binding to taste receptors. A comparison
of the dynamics of wild-type T2R14 receptors and mutant T2R14 receptors revealed that
the amino acid residues K110, F236, and L239 are required for the receptor to function
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appropriately when cholesterol is present. Based on this study, it could be suggested that
cholesterol influences taste receptors by directly interacting with the receptor [165].

2.4. Retinoic Acid-Inducible Orphan G Protein-Coupled Receptors (RAIGs)

Retinoic-acid inducible receptors belong to a group of class C GPCRs [166]. Al-
though containing a characteristic secondary structure of seven transmembrane α-helical
domains, these receptors have short amino-terminal extracellular domains, ranging from
30 to 50 amino acids [167]. In contrast, other family C members consist of a large N-terminal
domain, comprising 500–600 amino acids [168]. Currently, there are four genes that make
up the RAIG family: RAIG1, RAIG2 RAIG3, and GPCR5D [50]. RAIG1 was the first of
these genes to be determined, and it was associated with a retinoic acid-responsive gene in
human carcinoma cells [50,167,168]. Although classified as a class C GPCR, RAIG protein
shares low sequence similarity with known members of GPCRs, and only shows 25%
similarity [167,169] with the homology sequence of mGluR2 and 3, primarily in the trans-
membrane regions [167]. Due to the large variation between the sequence homology of
RAIG proteins and most GPCRs, the endogenous ligands for RAIGs remain unknown [169].
However, the ligand-binding regions are predicted to be found in the extracellular loops of
the transmembrane domain, and also at the short amino-terminal regions [167,168,170]. A
study that utilized fluorescence microscopy and immunocytochemical methods to study
the formation and localization of synaptic vesicles in human SH-SY5Y neuroblastoma cells
suggested that retinoic acid-induced proteins with cholesterol produced significant neurite
extension and formation of cell-to-cell contacts, predicting it as a valuable tool for basic
studies of neuronal metabolism [166].

2.5. Calcium-Sensing Receptor-Related Receptor

As a G-protein-coupled receptor, the calcium-sensing receptor (CaSR) is essential
for controlling calcium homeostasis [171] in humans. CaSR is a Ca2+-sensing protein
found on the surface of cells [172] that exists as an obligate homodimer and belongs to
class C GPCRs [48]. Each protomer has a Ca2+-binding extracellular domain and a seven-
transmembrane-helix domain (7TM) that activates heterotrimeric G-proteins [34]. The classi-
cal calcium-sensing receptor is known to be involved in the pathophysiology of parathyroid
and renal-related diseases by sensing calcium ions in extracellular fluid [53,171]. Recent
studies suggest that CaSR can be modulated through the interactions of its transmembrane
(TM) domains with cholesterol [66]. This is especially observed in TM6 where cholesterol
molecules found at the dimer interface influence the interactions of two residues (ILE816)
from the TM6 helices of both subunits. This allows the side chains of both residues to pack
against each other and make indirect dimer contacts. As a result of these observations, it
could be suggested that the TM6-TM6 dimer interface is stabilized by cholesterol and as
such it is essential in the receptor activation of CaSR [66].

Cholesterol depletion has been shown to negatively impact receptor function by de-
creasing basal activity and Ca2+ sensitivity [173]. Another study showed that vascular
smooth muscle cells (VSMCs) [174] are expressed in CaSR and can be altered by choles-
terol [175]. They further indicated that plaque stability can be affected due to CaSR [176]
mediating MMP-2 (matrix metalloproteinase-2) production in the presence of cholesterol
via the phosphatidylinositol 3-kinase (PI3K)/Akt signal pathway [177,178]. In addition,
activation of CaSR in VSMCs increases cell proliferation and survival via the phospholipase
C (PLC)-IP3 and MAPK-ERK1/2 pathways [179].

2.6. Orphan Receptor

Despite extensive reorganization efforts, there are over 140 receptors [180] within
the GPCR family that have yet to be fully identified and these groups are referred to as
orphan receptors [37,112,180,181]. Orphan GPCRs play important roles in physiology
and diseases, yet they are poorly understood in terms of their structural organization,
ligand identification, activation mechanisms, and signaling reactions [56,180,182] GPR156,
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GPR158, and GPR179 make up the orphan receptor of class C GPCRs [56–60,182] and they
are the least characterized members of the group [182]. They share 70% sequence similarity
in both extracellular and TM domains, with a distinct feature of lacking the Venus flytrap-
fold ligand-binding domain [182]. GPR158 are drug targets with significant roles in mood
regulation, memory, depression [183], carcinogenesis, and cognition [56,182,184–186]. It
is highly expressed in brain tissues [187] and functions by regulating ion channels and
second messengers. One prominent characteristic of GPR158 is that it binds to the neuronal
RGS7-Gβ5, a regulator of the G protein signaling protein complex [188], that directly
deactivates G proteins [188,189]. GPR158 and RGS regulate the homeostasis of the second
messenger cyclic adenosine monophosphate (cAMP), and control the neuronal activity
with a marked impact on brain physiology [56]. Recently, two high-resolution Cryo-EM
structures have been determined by Patil et al. [56]. The structures consist of GPR158 alone,
and GPR158 bound to RGS complex (Figure 4), with both determined structures revealing
the presence of an extracellular Cache domain and an unusual ligand-binding domain, that
is not found in other GPCRs [56]. In both initial structures, cholesterol interacts between the
protomers and the transmembrane helices to stabilize the protomers [56]. The determined
structures show several cholesterol molecules surrounding the dimeric interface of GPR158,
which acts as a shield for the cavity formed at the interface. It is also suggested that the
interactions of cholesterol with the transmembrane helices could stabilize the interface
between both protomers. Patil et al. [56] reported that the stability provided by these
cholesterol molecules results in a more compact dimeric interface, which then prevents G
protein activation [56].

PDB ID: 7SHF PDB ID: 7SHE

Figure 4. Visual representations of inactive states of GPR158 class C orphan receptors, showing
GPR158 bound to RGS complex (gray) and GPR158 in apo form (blue). Both structures contain
22 cholesterol molecules within the transmembrane region. The upper figures show the whole
protein, while the lower figures only show the transmembrane region (cholesterol molecules are
shown as violet and red sticks).
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3. Conclusions

Through this review and the accompanying table and figures, we have described the
interaction sites of cholesterol in specific receptors of class C GPCR structures. Through
the collective study of class C GPCR structures, we notice that cholesterol is mostly bound
between the transmembrane dimers of the receptors and also within the surrounding
groves of the transmembrane helices, which could explain why it seems to aid dimerization.
Furthermore, this review highlights the significance of cholesterol within specific class
C GPCRs. Consideration of several studies revealed that cholesterol is important for
oligomerization, organization, function, and dynamics of class C GPCRs. In general, we see
that cholesterol could affect ligand binding, G-protein coupling, and intracellular signaling
of GPCRs. With the possible emergence of more cholesterol-bound GPCR structures and
analyses, we picture an exciting and enlightening future in the study of cholesterol–GPCR
interactions. We expect that this information will help provide insight into the molecular
mechanisms of cholesterol molecules bound to particular receptors of class C GPCRs.
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The following abbreviations are used in this manuscript:

GPCR G-protein-coupled receptors
CHS Cholesteryl hemisuccinate
CLR Cholesterol
mGluR Metabotropic glutamate receptors
CRAC Cholesterol Recognition/Interaction Amino Acid Consensus (CRAC)
MD(S) Molecular dynamics (simulation)
GABA Gamma-Aminobutyric acid
TAS1R1 Taste 1 receptor member 1
TAS1R2 Taste 1 receptor member 2
TAS1R3 Taste 1 receptor member 3
RORs Retinoid-related orphan receptors
CASR calcium-sensing receptor
TM(D) Transmembrane (domain)
NTD N-terminal domain
VSMCs Vascular smooth muscle cells
PLC phospholipase C
MMP-2 Matrix metalloproteinase-2
ERK Extracellular signal-regulated kinase
MAPK Mitogen-activated protein kinase
AMPK AMP-activated protein kinase
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39. Orgován, Z.; Ferenczy, G.G.; Keserű, G.M. Allosteric Molecular Switches in Metabotropic Glutamate Receptors. ChemMedChem
2021, 16, 81–93. [CrossRef]

40. Niswender, C.M.; Conn, P.J. Metabotropic glutamate receptors: physiology, pharmacology, and disease. Annu. Rev. Pharmacol.
Toxicol. 2010, 50, 295. [CrossRef]

41. Doumazane, E.; Scholler, P.; Zwier, J.M.; Trinquet, E.; Rondard, P.; Pin, J.P. A new approach to analyze cell surface protein
complexes reveals specific heterodimeric metabotropic glutamate receptors. FASEB J. 2011, 25, 66–77. [CrossRef]

42. Seven, A.B.; Barros-Álvarez, X.; de Lapeyrière, M.; Papasergi-Scott, M.M.; Robertson, M.J.; Zhang, C.; Nwokonko, R.M.; Gao, Y.;
Meyerowitz, J.G.; Rocher, J.P.; et al. G-protein activation by a metabotropic glutamate receptor. Nature 2021, 595, 450–454.
[CrossRef]

43. Fang, W.; Yang, F.; Xu, C.; Ling, S.; Lin, L.; Zhou, Y.; Sun, W.; Wang, X.; Liu, P.; Rondard, P.; et al. Structural basis of the activation
of metabotropic glutamate receptor 3. Cell Res. 2022, 32, 695–698. [CrossRef] [PubMed]

44. Lin, S.; Han, S.; Cai, X.; Tan, Q.; Zhou, K.; Wang, D.; Wang, X.; Du, J.; Yi, C.; Chu, X.; et al. Structures of Gi-bound metabotropic
glutamate receptors mGlu2 and mGlu4. Nature 2021, 594, 583–588. [CrossRef] [PubMed]

45. Nasrallah, C.; Cannone, G.; Briot, J.; Rottier, K.; Berizzi, A.E.; Huang, C.Y.; Quast, R.B.; Hoh, F.; Banères, J.L.; Malhaire, F.; et al.
Agonists and allosteric modulators promote signaling from different metabotropic glutamate receptor 5 conformations. Cell Rep.
2021, 36, 109648. [CrossRef] [PubMed]

46. Du, J.; Wang, D.; Fan, H.; Xu, C.; Tai, L.; Lin, S.; Han, S.; Tan, Q.; Wang, X.; Xu, T.; et al. Structures of human mGlu2 and mGlu7
homo- and heterodimers. Nature 2021, 594, 589–593. [CrossRef]

47. Frangaj, A.; Fan, Q.R. Structural biology of GABAB receptor. Neuropharmacology 2018, 136, 68–79. [CrossRef]
48. Schamber, M.R.; Vafabakhsh, R. Mechanism of sensitivity modulation in the calcium-sensing receptor via electrostatic tuning.

Nat. Commun. 2022, 13, 2194. [CrossRef]
49. Wen, T.; Wang, Z.; Chen, X.; Ren, Y.; Lu, X.; Xing, Y.; Lu, J.; Chang, S.; Zhang, X.; Shen, Y.; et al. Structural basis for activation and

allosteric modulation of full-length calcium-sensing receptor. Sci. Adv. 2021, 7, eabg1483. [CrossRef]
50. Robbins, M.J.; Michalovich, D.; Hill, J.; Calver, A.R.; Medhurst, A.D.; Gloger, I.; Sims, M.; Middlemiss, D.N.; Pangalos, M.N.

Molecular Cloning and Characterization of Two Novel Retinoic Acid-Inducible Orphan G-Protein-Coupled Receptors (GPRC5B
and GPRC5C). Genomics 2000, 67, 8–18. [CrossRef]

51. Mafi, A.; Kim, S.K.; Chou, K.C.; Güthrie, B.; Goddard, W.A.I.I.I. Predicted Structure of Fully Activated Tas1R3/1R3 Homodimer
Bound to G Protein and Natural Sugars: Structural Insights into G Protein Activation by a Class C Sweet Taste Homodimer with
Natural Sugars. J. Am. Chem. Soc. 2021, 143, 16824–16838. [CrossRef]

52. Belloir, C.; Brulé, M.; Tornier, L.; Neiers, F.; Briand, L. Biophysical and functional characterization of the human TAS1R2 sweet
taste receptor overexpressed in a HEK293S inducible cell line. Sci. Rep. 2021, 11, 22238. [CrossRef]

53. Ahmad, R.; Dalziel, J.E. G Protein-Coupled Receptors in Taste Physiology and Pharmacology. Front. Pharmacol. 2020, 11, 587664.
[CrossRef] [PubMed]

54. Nuemket, N.; Yasui, N.; Kusakabe, Y.; Nomura, Y.; Atsumi, N.; Akiyama, S.; Nango, E.; Kato, Y.; Kaneko, M.K.; Takagi, J.; et al.
Structural basis for perception of diverse chemical substances by T1r taste receptors. Nat. Commun. 2017, 8, 15530. [CrossRef]
[PubMed]

107



Membranes 2023, 13, 301

55. Fredriksson, R.; Lagerström, M.C.; Lundin, L.G.; Schiöth, H.B. The G-protein-coupled receptors in the human genome form
five main families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol. Pharmacol. 2003, 63, 1256–1272. [CrossRef]
[PubMed]

56. Patil, D.N.; Singh, S.; Laboute, T.; Strutzenberg, T.S.; Qiu, X.; Wu, D.; Novick, S.J.; Robinson, C.V.; Griffin, P.R.; Hunt, J.F.; et al.
Cryo-EM structure of human GPR158 receptor coupled to the RGS7-Gβ5 signaling complex. Science 2022, 375, 86–91. [CrossRef]

57. Darira, S.V.; Sutton, L.P. Chapter Seven—The interaction, mechanism and function of GPR158-RGS7 cross-talk. In G Protein-
Coupled Receptors—Part A; Shukla, A.K., Ed.; Progress in Molecular Biology and Translational Science; Academic Press: Cambridge,
MA, USA, 2022; Volume 193, pp. 167–176. [CrossRef]

58. Kindt, K.S.; Akturk, A.; Jarysta, A.; Day, M.; Beirl, A.; Flonard, M.; Tarchini, B. EMX2-GPR156-Gαi reverses hair cell orientation in
mechanosensory epithelia. Nat. Commun. 2021, 12, 2861. [CrossRef]

59. Jørgensen, C.V.; Bräuner-Osborne, H. Pharmacology and physiological function of the orphan GPRC6A receptor. Basic Clin.
Pharmacol. Toxicol. 2020, 126, 77–87. [CrossRef]

60. Orlandi, C.; Cao, Y.; Martemyanov, K.A. Orphan Receptor GPR179 Forms Macromolecular Complexes with Components of
Metabotropic Signaling Cascade in Retina ON-Bipolar Neurons. Investig. Ophthalmol. Vis. Sci. 2013, 54, 7153–7161. [CrossRef]

61. Guixà-González, R.; Albasanz, J.L.; Rodriguez-Espigares, I.; Pastor, M.; Sanz, F.; Martí-Solano, M.; Manna, M.; Martinez-Seara, H.;
Hildebrand, P.W.; Martín, M.; et al. Membrane cholesterol access into a G-protein-coupled receptor. Nat. Commun. 2017, 8, 14505.
[CrossRef]

62. Prasanna, X.; Mohole, M.; Chattopadhyay, A.; Sengupta, D. Role of cholesterol-mediated effects in GPCR heterodimers. Chem.
Phys. Lipids 2020, 227, 104852. [CrossRef]

63. Jakubík, J.; El-Fakahany, E.E. Allosteric Modulation of GPCRs of Class A by Cholesterol. Int. J. Mol. Sci. 2021, 22, 1953. [CrossRef]
64. Harkey, T.; Govind Kumar, V.; Hettige, J.; Tabari, S.H.; Immadisetty, K.; Moradi, M. The Role of a Crystallographically Unresolved

Cytoplasmic Loop in Stabilizing the Bacterial Membrane Insertase YidC2. Sci. Rep. 2019, 9, 14451. [CrossRef] [PubMed]
65. Kim, Y.; Jeong, E.; Jeong, J.H.; Kim, Y.; Cho, Y. Structural Basis for Activation of the Heterodimeric GABAB Receptor. J. Mol. Biol.

2020, 432, 5966–5984. [CrossRef]
66. Park, J.; Zuo, H.; Frangaj, A.; Fu, Z.; Yen, L.Y.; Zhang, Z.; Mosyak, L.; Slavkovich, V.N.; Liu, J.; Ray, K.M.; et al. Symmetric

activation and modulation of the human calcium-sensing receptor. Proc. Natl. Acad. Sci. 2021, 118, e2115849118. [CrossRef]
[PubMed]

67. Fantini, J.; Barrantes, F. How cholesterol interacts with membrane proteins: An exploration of cholesterol-binding sites including
CRAC, CARC, and tilted domains. Front. Physiol. 2013, 4, 31. [CrossRef] [PubMed]

68. Dingjan, T.; Futerman, A.H. The fine-tuning of cell membrane lipid bilayers accentuates their compositional complexity. BioEssays
2021, 43, 2100021. [CrossRef]

69. Pinkwart, K.; Schneider, F.; Lukoseviciute, M.; Sauka-Spengler, T.; Lyman, E.; Eggeling, C.; Sezgin, E. Nanoscale dynamics of
cholesterol in the cell membrane. J. Biol. Chem. 2019, 294, 12599–12609. [CrossRef]

70. Pucadyil, T.J.; Chattopadhyay, A. Role of cholesterol in the function and organization of G-protein coupled receptors. Prog. Lipid
Res. 2006, 45, 295–333. [CrossRef]

71. Arora, A.; Raghuraman, H.; Chattopadhyay, A. Influence of cholesterol and ergosterol on membrane dynamics: a fluorescence
approach. Biochem. Biophys. Res. Commun. 2004, 318, 920–926. [CrossRef]

72. Chimento, A.; Casaburi, I.; Avena, P.; Trotta, F.; De Luca, A.; Rago, V.; Pezzi, V.; Sirianni, R. Cholesterol and Its Metabolites in
Tumor Growth: Therapeutic Potential of Statins in Cancer Treatment. Front. Endocrinol. 2019, 9, 807. [CrossRef]

73. Ohvo-Rekilä, H.; Ramstedt, B.; Leppimäki, P.; Peter Slotte, J. Cholesterol interactions with phospholipids in membranes. Prog.
Lipid Res. 2002, 41, 66–97. [CrossRef]

74. McMullen, T.P.W.; Lewis, R.N.A.H.; McElhaney, R.N. Cholesterol–phospholipid interactions, the liquid-ordered phase and lipid
rafts in model and biological membranes. Curr. Opin. Colloid Interface Sci. 2004, 8, 459–468. [CrossRef]

75. Gater, D.L.; Réat, V.; Czaplicki, G.; Saurel, O.; Milon, A.; Jolibois, F.; Cherezov, V. Hydrogen Bonding of Cholesterol in the Lipidic
Cubic Phase. Langmuir 2013, 29, 8031–8038. [CrossRef] [PubMed]

76. Rowlands, L.J.; Marks, A.; Sanderson, J.M.; Law, R.V. 17O NMR spectroscopy as a tool to study hydrogen bonding of cholesterol
in lipid bilayers. Chem. Commun. 2020, 56, 14499–14502. [CrossRef] [PubMed]

77. Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569–572. [CrossRef] [PubMed]
78. Anderson, R.G.W.; Jacobson, K. A Role for Lipid Shells in Targeting Proteins to Caveolae, Rafts, and Other Lipid Domains. Science

2002, 296, 1821–1825. [CrossRef] [PubMed]
79. Fantini, J.; Yahi, N. Molecular insights into amyloid regulation by membrane cholesterol and sphingolipids: common mechanisms

in neurodegenerative diseases. Expert Rev. Mol. Med. 2010, 12, e27. [CrossRef] [PubMed]
80. Fantini, J.; Garmy, N.; Mahfoud, R.; Yahi, N. Lipid rafts: structure, function and role in HIV, Alzheimer’s and prion diseases.

Expert Rev. Mol. Med. 2002, 4, 1–22. [CrossRef]
81. Yang, S.T.; Kreutzberger, A.J.B.; Lee, J.; Kiessling, V.; Tamm, L.K. The role of cholesterol in membrane fusion. Chem. Phys. Lipids

2016, 199, 136–143. [CrossRef]
82. Song, Y.; Kenworthy, A.K.; Sanders, C.R. Cholesterol as a co-solvent and a ligand for membrane proteins. Protein Sci. 2014, 23,

1–22. [CrossRef]

108



Membranes 2023, 13, 301

83. Najafinobar, N.; Mellander, L.J.; Kurczy, M.E.; Dunevall, J.; Angerer, T.B.; Fletcher, J.S.; Cans, A.S. Cholesterol Alters the Dynamics
of Release in Protein Independent Cell Models for Exocytosis. Sci. Rep. 2016, 6, 33702. [CrossRef]

84. Yeagle, P.L. Modulation of membrane function by cholesterol. Biochimie 1991, 73, 1303–1310. [CrossRef] [PubMed]
85. Murata, M.; Peränen, J.; Schreiner, R.; Wieland, F.; Kurzchalia, T.V.; Simons, K. VIP21/caveolin is a cholesterol-binding protein.

Proc. Natl. Acad. Sci. USA 1995, 92, 10339–10343. [CrossRef] [PubMed]
86. Porter, J.A.; Young, K.E.; Beachy, P.A. Cholesterol Modification of Hedgehog Signaling Proteins in Animal Development. Science

1996, 274, 255–259. [CrossRef] [PubMed]
87. Sutter, M.L.; Console, L.; Fahner, A.F.; Samodelov, S.L.; Gai, Z.; Ciarimboli, G.; Indiveri, C.; Kullak-Ublick, G.A.; Visentin, M. The

role of cholesterol recognition (CARC/CRAC) mirror codes in the allosterism of the human organic cation transporter 2 (OCT2,
SLC22A2). Biochem. Pharmacol. 2021, 194, 114840. [CrossRef] [PubMed]

88. Taghon, G.; Rowe, J.; Kapolka, N.; Isom, D. Predictable cholesterol binding sites in GPCRs lack consensus motifs. Structure 2021,
29, 499–506.e3. [CrossRef] [PubMed]

89. de Vries, M.; Herrmann, A.; Veit, M. A cholesterol consensus motif is required for efficient intracellular transport and raft
association of a group 2 HA of influenza virus. Biochem. J. 2014, 465, 305–314. . [CrossRef]

90. Kuwabara, P.E.; Labouesse, M. The sterol-sensing domain: multiple families, a unique role? Trends Genet. 2002, 18, 193–201.
[CrossRef]

91. Martín, V.; Carrillo, G.; Torroja, C.; Guerrero, I. The sterol-sensing domain of Patched protein seems to control Smoothened
activity through Patched vesicular trafficking. Curr. Biol. CB 2001, 11, 601–607. [CrossRef]

92. Jafurulla, M.; Tiwari, S.; Chattopadhyay, A. Identification of cholesterol recognition amino acid consensus (CRAC) motif in
G-protein coupled receptors. Biochem. Biophys. Res. Commun. 2011, 404, 569–573. [CrossRef]

93. Sarkar, P.; Chattopadhyay, A. Cholesterol in GPCR Structures: Prevalence and Relevance. J. Membr. Biol. 2022, 255, 99–106.
[CrossRef]

94. Epand, R.M. Cholesterol and the interaction of proteins with membrane domains. Prog. Lipid Res. 2006, 45, 279–294. [CrossRef]
[PubMed]

95. Li, H.; Yao, Z.x.; Degenhardt, B.; Teper, G.; Papadopoulos, V. Cholesterol binding at the cholesterol recognition/ interaction amino
acid consensus (CRAC) of the peripheral-type benzodiazepine receptor and inhibition of steroidogenesis by an HIV TAT-CRAC
peptide. Proc. Natl. Acad. Sci. USA 2001, 98, 1267–1272. [CrossRef] [PubMed]

96. Sarkar, P.; Mozumder, S.; Bej, A.; Mukherjee, S.; Sengupta, J.; Chattopadhyay, A. Structure, dynamics and lipid interactions of
serotonin receptors: excitements and challenges. Biophys. Rev. 2021, 13, 101–122. [CrossRef] [PubMed]

97. Prasad, R.; Paila, Y.D.; Jafurulla, M.; Chattopadhyay, A. Membrane cholesterol depletion from live cells enhances the function of
human serotonin1A receptors. Biochem. Biophys. Res. Commun. 2009, 389, 333–337. [CrossRef] [PubMed]

98. Fantini, J.; Di Scala, C.; Evans, L.S.; Williamson, P.T.F.; Barrantes, F.J. A mirror code for protein–cholesterol interactions in the two
leaflets of biological membranes. Sci. Rep. 2016, 6, 21907. [CrossRef]

99. Di Scala, C.; Baier, C.; Evans, L.; Williamson, P.; Fantini, J.; Barrantes, F. Relevance of CARC and CRAC Cholesterol-Recognition
Motifs in the Nicotinic Acetylcholine Receptor and Other Membrane-Bound Receptors. Curr. Top. Membr. 2017, 80, 3–23.
[CrossRef]

100. Azzaz, F.; Chahinian, H.; Yahi, N.; Di Scala, C.; Baier, C.J.; Barrantes, F.J.; Fantini, J. Chapter 7—Cholesterol-recognizing amino
acid consensus motifs in transmembrane proteins: Comparative analysis of in silico studies and structural data. In Cholesterol;
Bukiya, A.N., Dopico, A.M., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 127–145. [CrossRef]

101. Hanson, M.A.; Cherezov, V.; Griffith, M.T.; Roth, C.B.; Jaakola, V.P.; Chien, E.Y.; Velasquez, J.; Kuhn, P.; Stevens, R.C. A Specific
Cholesterol Binding Site Is Established by the 2.8 Å Structure of the Human β2-Adrenergic Receptor. Structure 2008, 16, 897–905.
[CrossRef]

102. McGraw, C.; Koretz, K.S.; Oseid, D.; Lyman, E.; Robinson, A.S. Cholesterol Dependent Activity of the Adenosine A2A Receptor Is
Modulated via the Cholesterol Consensus Motif. Molecules 2022, 27, 3529. [CrossRef]

103. Desai, A.; Miller, L. Sensitivity of cholecystokinin receptors to membrane cholesterol content. Front. Endocrinol. 2012, 3, 123.
[CrossRef]

104. Adamian, L.; Naveed, H.; Liang, J. Lipid-binding surfaces of membrane proteins: Evidence from evolutionary and structural
analysis. Biochim. Biophys. Acta (BBA) Biomembr. 2011, 1808, 1092–1102. [CrossRef]

105. Yabe, D.; Xia, Z.P.; Adams, C.M.; Rawson, R.B. Three mutations in sterol-sensing domain of SCAP block interaction with insig
and render SREBP cleavage insensitive to sterols. Proc. Natl. Acad. Sci. USA 2002, 99, 16672–16677. [CrossRef] [PubMed]

106. Yang, T.; Espenshade, P.J.; Wright, M.E.; Yabe, D.; Gong, Y.; Aebersold, R.; Goldstein, J.L.; Brown, M.S. Crucial Step in Cholesterol
Homeostasis: Sterols Promote Binding of SCAP to INSIG-1, a Membrane Protein that Facilitates Retention of SREBPs in ER. Cell
2002, 110, 489–500. [CrossRef] [PubMed]

107. Bukiya, A.N.; Dopico, A.M. Common structural features of cholesterol binding sites in crystallized soluble proteins. J. Lipid Res.
2017, 58, 1044–1054. [CrossRef] [PubMed]

108. Rone, M.B.; Fan, J.; Papadopoulos, V. Cholesterol transport in steroid biosynthesis: Role of protein–protein interactions and
implications in disease states. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2009, 1791, 646–658. [CrossRef]

109. Naito, T.; Ercan, B.; Krshnan, L.; Triebl, A.; Koh, D.H.Z.; Wei, F.Y.; Tomizawa, K.; Torta, F.T.; Wenk, M.R.; Saheki, Y. Movement of
accessible plasma membrane cholesterol by the GRAMD1 lipid transfer protein complex. eLife 2019, 8, e51401. [CrossRef]

109



Membranes 2023, 13, 301

110. Wu, Y.; Li, X.; Hua, T.; Liu, Z.J.; Liu, H.; Zhao, S. MD Simulations Revealing Special Activation Mechanism of Cannabinoid
Receptor 1. Front. Mol. Biosci. 2022, 9, 860035. [CrossRef]

111. Nieto Gutierrez, A.; McDonald, P.H. GPCRs: Emerging anti-cancer drug targets. Cell. Signal. 2018, 41, 65–74. [CrossRef]
112. Hauser, A.S.; Attwood, M.M.; Rask-Andersen, M.; Schiöth, H.B.; Gloriam, D.E. Trends in GPCR drug discovery: New agents,

targets and indications. Nat. Rev. Drug Discov. 2017, 16, 829–842. [CrossRef]
113. Sriram, K.; Insel, P.A. GPCRs as targets for approved drugs: How many targets and how many drugs? Mol. Pharmacol. 2018, 93,

251–258. [CrossRef]
114. Niswender, C.M.; Jones, C.K.; Lin, X.; Bubser, M.; Thompson Gray, A.; Blobaum, A.L.; Engers, D.W.; Rodriguez, A.L.; Loch, M.T.;

Daniels, J.S.; et al. Development and antiparkinsonian activity of VU0418506, a selective positive allosteric modulator of metabotropic
glutamate receptor 4 homomers without activity at mGlu2/4 heteromers. ACS Chem. Neurosci. 2016, 7, 1201–1211. [CrossRef]

115. Moreau, C.J.; Audic, G.; Lemel, L.; García-Fernández, M.D.; Nieścierowicz, K. Interactions of cholesterol molecules with GPCRs in
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Abstract: Neuronal transmitters are packaged in synaptic vesicles (SVs) and released by the fusion of
SVs with the presynaptic membrane (PM). An inflow of Ca2+ into the nerve terminal triggers fusion,
and the SV-associated protein Synaptotagmin 1 (Syt1) serves as a Ca2+ sensor. In preparation for
fusion, SVs become attached to the PM by the SNARE protein complex, a coiled-coil bundle that
exerts the force overcoming SV-PM repulsion. A cytosolic protein Complexin (Cpx) attaches to the
SNARE complex and differentially regulates the evoked and spontaneous release components. It is
still debated how the dynamic interactions of Syt1, SNARE proteins and Cpx lead to fusion. This
problem is confounded by heterogeneity in the conformational states of the prefusion protein–lipid
complex and by the lack of tools to experimentally monitor the rapid conformational transitions of
the complex, which occur at a sub-millisecond scale. However, these complications can be overcome
employing molecular dynamics (MDs), a computational approach that enables simulating interactions
and conformational transitions of proteins and lipids. This review discusses the use of molecular
dynamics for the investigation of the pre-fusion protein–lipid complex. We discuss the dynamics of
the SNARE complex between lipid bilayers, as well as the interactions of Syt1 with lipids and SNARE
proteins, and Cpx regulating the assembly of the SNARE complex.

Keywords: synaptotagmin; SNARE complex; complexin; lipid bilayers; exocytosis; neuronal transmitters

1. Introduction

Neurons communicate by releasing neuronal transmitters into the synaptic gap. Trans-
mitters are packed in synaptic vesicles (SVs) and released by the fusion of SVs with the
presynaptic membrane (PM). The attachment of an SV to the PM is mediated by the SNARE
complex [1–3], a coil-coiled four-helical bundle, which consists of the SV protein synap-
tobrevin (Sb) and the PM-associated proteins syntaxin 1A (Sx) and SNAP25, or t-SNARE.
The assembly of the SNARE bundle enables overcoming the electrostatic and hydration
repulsion between the SV and PM lipid bilayers [4].

Rapid synchronous fusion of SVs with PM is triggered by an influx of Ca2+ ions into
the nerve terminal. An SV-associated protein Synaptotagmin 1 (Syt1) acts as a Ca2+ sensor,
and evoked synaptic transmission is completely abolished in the absence of Syt1 [5,6].
Syt1 comprises two Ca2+ binding domains, C2A and C2B, which are attached to an SV by
a transmembrane helix [7]. Each domain has two loops forming a Ca2+ binding pocket,
and in each of the pockets, Ca2+ ions are chelated by five aspartic acids [8,9]. It is agreed
that synergistic coordinated insertion of the tips of the C2 domains into the phospholipid
membrane drives fusion [5,10,11], but other mechanistic details of Syt1 action are still debated.

Syt1 interacts with the SNARE complex, and multiple studies suggest an important
role for Syt1–SNARE interactions during fusion [12–17]. However, other studies have
argued against this possibility [18,19], and it is still debated how the SNARE–Syt1 complex
is formed in vivo and what the role of Syt1–SNARE interactions is in the fusion process.

The fusion is tightly regulated by the cytosolic protein Complexin (Cpx), which
attaches to the SNARE bundle [20] and serves as a positive regulator of synchronous
release, promoting and accelerating evoked synaptic transmission [21–26]. The effect
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of Cpx on synchronous fusion is Ca2+-dependent [21] and several studies suggested a
functional [26–30] or molecular [31] interaction between Cpx and Syt1. Cpx deletion also
produces a drastic increase in spontaneous Ca2+-independent transmission [24], suggesting
that the energetic barrier for SV fusion is reduced in the absence of Cpx [32,33]. It has been
established that different domains of Cpx control evoked spontaneous transmission and that
these two Cpx functions are decoupled [34,35]. The inhibitory role of Cpx in spontaneous
transmission was extensively studied in vitro [36–39] and in vivo [24,34,40], and several
competing models of the Cpx clamping function have been developed. However, it remains
obscure how Cpx promotes and synchronizes the evoked transmission.

The proteins regulating synaptic fusion have been extensively studied with tools and
perspectives of biochemistry and molecular biology, and tremendous progress has been
achieved in understanding their interactions [2,18,41–45]. However, the atomistic details of
the dynamic Syt1-SNARE-Cpx interactions are still debated, and a systematic approach
to manipulating the fusion machinery and understanding disease-relevant mutations is
still missing. One complication to this problem is that fusion occurs at a sub-millisecond
timescale, and the underlying conformational transitions of the pre-fusion protein–lipid
complex occur much faster, probably at a timescale of microseconds or tens of microseconds.
Currently, such rapid conformational transitions cannot be monitored experimentally.
However, they can be observed in silico employing molecular dynamics (MDs) simulations.
In the present review, we discuss how MD simulations of proteins and protein–lipid
complexes promoted our understanding of the protein dynamics regulating SV fusion.

2. The SNARE Complex Assembly

The fully assembled SNARE complex is a multicomponent molecular system, which
encompasses a four-helical coil-coiled bundle, transmembrane (TM) domains of Sb and
Sx, the palmitoylated loop of SNAP25, and the N-terminal domain of Sx, which attaches
to PM [46]. Since zippering of the four-helical bundle is thought to provide the force to
counterbalance the SV-PM repulsion, the mechanics and dynamics of the SNARE bundle
assembly have been studied extensively. Crystallography studies [47] demonstrated that
the bundle has distinct layers (Figure 1A), and the initial all-atom MD study (AAMD) [48]
showed that a compact and stiff bundle has limited conformational dynamics. The latter
study also showed that the bundle is largely stabilized by electrostatic forces, although the
hydrophobic interactions add to the bundle rigidity.

Although the AAMD method was instrumental for the initial investigation of the
dynamics of the bundle [48,49], as well as of the membrane insertion of the TM and
linker domains of the SNARE proteins [50,51], the size of the molecular systems and
timescales handled by the AAMD approach remained a limitation. Therefore, coarse-
grain MD approaches (CGMD) were developed to simulate zippering of the SNARE
complex between lipid bilayers. The initial CGMD simulations of the SNARE complex
interacting with lipids [52–55] have been performed employing MARTINI force field [56].
This approach was employed to model fusion mediated by four SNARE complexes, starting
from all the SNARE bundles being in a nearly assembled state (up Layer 5). These CGMD
simulations enabled observation, in silico, of the final stages of SNARE zippering that
trigger fusion, including lipid stalk formation and pore opening (Figure 1B) [57].

To investigate the assembly of the entire SNARE bundle and to understand how it
depends on the number of the SNARE complexes attaching an SV to the PM, customized
CGMD force fields were developed [58–61]. Indeed, it has been shown that the CGMD
force fields, including MARTINI, are not suited to a wide range of applications, and they
need to be refined and customized for specific molecular systems [62–66].
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Figure 1. SNARE zippering. (A) The structure of the SNARE bundle with the denoted layers [47].
(B) The initial (left) and the final (right) states of the molecular system mimicking the SV and PM
bilayers attached to each other by four SNARE bundles. Red: Sx, blue: Sb, green: SNAP25. Blue
spheres denote water molecules diffusing through the open pore in the final state. Reproduced with
permission from [57]. (C) The separation of an SV and the PM at equilibrium plotted against the
number of the SNARE complexes mediating the SV-PM attachment [60]. Note a steep drop as the
number of the SNARE complexes increases from one to two, and a further reduction in the SV-PM
separation as the number of the SNARE complexes increases to three. Note also the plateau, as the
number of the complexes increases further. (D) The assembly time of the SNARE complex depends
exponentially on the initial separation of the Sb and Sx C-terminals [59]. The inset shows the results
obtained using three different models of the helix assembly, which largely converge.

The customized CGMD approaches [58–61] modeled SNARE proteins as sequences
of beads, each bead representing either a single amino acid [60] or a chain of four amino
acids [61]. These studies did not model lipid bilayers explicitly but instead represented
the PM and SV membranes as a continuum excreting electrostatic, hydration repulsion,
and mechanical tension forces. Both models demonstrated, in silico, that SNARE zippering
counterbalances membrane repulsion, and that increasing the number of SNARE complexes
from one to three significantly accelerates fusion. Strikingly, both models also revealed that
a further increase in the number of the SNARE complexes adds very little to the adhesive
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forces bringing together an SV and the PM [60,61] (Figure 1C). These findings were in
agreement with experimental studies, which suggested that several SNARE complexes
are likely to mediate synaptic fusion [67–69], even though under certain experimental
conditions, a single SNARE complex may be sufficient [70].

Interestingly, the simulations of the kinetics of the SNARE zippering at various ini-
tial separations between the C-termini of Sb and Sx showed an exponential relationship
between the number of the initially unraveled helical turns and the assembly times [59].
Notably, it was shown that the assembly of two or three membrane-proximal layers in the
SNARE complex would take tens of nanoseconds, while the assembly of the entire bundle
could take microseconds (Figure 1D).

Together, these findings suggest that three to four SNARE complexes in a nearly assem-
bled state, with only several membrane-proximal layers being separated, would represent the
most efficient prefusion complex, which could fully assemble at a sub-microsecond timescale.

3. Cpx as a Dynamic Fusion Clamp

The SV-PM fusion and release of transmitters can occur spontaneously, independently
of Ca2+ influx. The spontaneous fusion can be clamped by Cpx [24,25,45], and it can be dras-
tically promoted in Cpx-deleted synapses, which is especially prominent in invertebrates.
Numerous studies suggested that the interaction of Cpx with the SNARE proteins inhibits
the SNARE assembly [32–34,36,39,71,72]; however, the atomistic detail of this mechanism
is still debated.

Cpx includes the central and accessory alpha helixes, as well as the C-terminal and
N-terminal domains, which are largely unstructured, and the crystallography studies [20]
demonstrated that Cpx binds the SNARE bundle via its central and accessory helixes
(Figure 2A). Notably, it was also shown that the accessory helix predominantly contributes
to the clamping mechanism [35]. Several competing models for the Cpx clamping function
have been proposed, which implied that Cpx accessory helix either competes with Sb for
the SNARE binding [33,36,39,71] or destabilizes the Cpx central helix [40].

To investigate, in silico, the role of Cpx in the SNARE assembly, the AAMD simula-
tions of Cpx interacting with the partially unraveled SNARE bundle were performed [72].
Interestingly, this study revealed that the Cpx accessory helix could interact with the un-
structured C-terminus of Sb, preventing it from zippering onto the core t-SNARE bundle,
thus stabilizing the partially assembled structure of the SNARE complex with two or three
of its C-terminal layers being unraveled (Figure 2B).

Subsequently, this model was extended to incorporate the SNARE-Cpx interactions
with lipid bilayers mimicking the PM and an SV [73]. These AAMD simulations showed
that the Cpx accessory helix could also act as a barrier between the SV and the SNARE
bundle, thus hindering PM-SV fusion (Figure 2C). Importantly, this model enabled making
several valid predictions for the poor-clamp and super-clamp mutations in Cpx and Sb [73,74].

Together, the AAMD simulations outlined above and coupled with in vivo studies [72–74]
suggested that the Cpx accessory helix may simply act as a spacer between an SV and the
SNARE bundle, in addition stabilizing the unstructured C-terminus of Sb, thus preventing
spontaneous full SNARE assembly and PM-SV fusion.
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Figure 2. The model of Cpx clamping function driven by AAMD simulations. (A) Two representations
of the SNARE-Cpx complex. The structure was obtained by crystallography and equilibrated by
AAMD. Reproduced from [72]. Blue: Sx; red: Sb; green: SN1; cyan SN2; magenta: Cpx. AH: Accessory
helix. (B) Cpx stabilizes a partially unraveled state of Sb (Layers 6–8). Reproduced from [75] with
permission (license 5472810090395). (C) The partially unraveled SNARE complex between lipid
bilayers mimicking an SV and the PM. Note that Cpx (orange) creates a barrier between the SNARE
bundle and the SV via its accessory helix, in addition to stabilizing the partially unraveled state of Sb.

4. Syt1 and Its Interaction with Lipid Bilayers

Syt1 triggers fusion upon Ca2+ binding, presumably by inserting the Ca2+-bound tips
of its C2 domains into the lipid bilayer(s) [41]. However, the atomistic mechanics and
dynamics of this process are still debated. The crystallography study showed that the C2A
and C2B domains of Syt1 are tightly coupled and perpendicularly oriented [76]. However,
optical studies suggested that in the solution, Syt1 may sample multiple conformations and
the interactions with lipids would likely affect the Syt1 conformational ensemble [77–79].

The conformational space of Syt1 has been investigated employing AAMD coupled
with Monte Carlo sampling of the C2 domain orientations [80]. This study identified several
conformational states of the Syt1 C2AB tandem, all having tightly coupled C2 domains.
Notably, this study also showed that Ca2+ binding decouples the C2 domains and allows
them to rotate more freely, accelerating Syt1 conformational transitions.

Since the immersion into lipid bilayers is thought to be the major mechanism driving
fusion [41], several studies employed AAMD to investigate the interactions of Syt1 C2
domains with lipids [81–83]. Initially, it was shown that binding the C2B module to the
lipid bilayer drives lipid bending [81]. This finding supported the hypothesis that Syt1
drives formation of the stalk between lipid bilayers by promoting membrane curvature [11].
Subsequent studies [82,83] modeled the interactions of Syt1 domains with the PM bilayer
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by incorporating anionic lipids and phosphatidylinositol 4,5-biphosphate (PIP2), which
is an essential component of the PM. These studies demonstrated that the C2B domain
forms strong attachments to the PM via its Ca2+ binding loops and the polybasic motif
(Figure 3A), in agreement with molecular biology and spectroscopy experiments [84–87].
Notably, both studies [82,83] demonstrated that the C2B domain does not robustly associate
with the SV bilayer lacking PIP2, while the C2A domain does bind the SV bilayer via its
Ca2+ binding loops (Figure 3B). These studies also demonstrated that the C2A domain
robustly binds the PM bilayer (Figure 3C).

Figure 3. Lipid binding of the isolated domains, as well as the C2AB tandem of Syt1. (A) The C2B
domain binds the bilayer mimicking the PM via its Ca2+ binding loops (CBL), polybasic stretch (PB),
and the RR (Arg398-Arg399) motif opposing the CBL. Green spheres denote Ca2+ ions. Red: PIP2.
(B) CBL of the C2A domain attach to either the SV or PM bilayer; however, the interaction with
the PM bilayer is more extensive and the penetration into the PM is deeper. (C) Both C2 domains
within Ca2+C2AB tandem attach to the PM via their CBL and PB motifs. (D) The penetration into the
PM bilayer is deeper for the isolated Ca2+-bound C2 domains compared to the Ca2+C2AB tandem.
Reproduced from [83].
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The AAMD studies cited above were consistent with two possibilities for Syt1 dynam-
ics upon Ca2+ binding: (1) the C2AB tandem bridges the PM and an SV [78,88] and (2) both
domains immerse into the PM, thus promoting PM curvature [11,89,90]. To discriminate
between these possibilities, prolonged AAMD simulations of the C2AB tandem between
lipid bilayers mimicking an SV and the PM were then performed at a microsecond scale [83].
This study demonstrated a conformational transition of the Syt1 C2AB tandem from the
PM-SV bridging to the PM-attached conformation, suggesting that the second scenario is
more likely.

Interestingly, a latter study [83] also showed that the C2 domains do not cooperate
in penetrating into PM but rather preclude each other from deep immersion into lipids.
Indeed, the isolated C2 domains immersed into the PM deeper than when being attached
within the C2AB tandem (Figure 3D). These findings suggested that the C2 domains of Syt1
need to be decoupled within the prefusion protein complex, driving the hypothesis that
the interactions with other components of the protein fusion machinery serve to uncouple
the C2 domains of Syt1. One possibility is that the interactions of Syt1 with the SNARE
bundle carry out this function.

5. The Prefusion Syt1-SNARE-Cpx Complex

Spin labeling studies demonstrated that the Syt1-SNARE complex samples multiple
conformational states in the solution [91]. Consistently, multiple interfaces between the
C2B domain and the SNARE complex were revealed by crystallography, including an
extensive primary conserved interface [15]. Interestingly, a different C2B-SNARE interface
was identified by the NMR approach [17]. These findings warranted systematic in silico
studies of the Syt1-SNARE complex.

To sample the conformational space of the Syt1-SNARE complex, prolonged AAMD
simulations were performed and coupled with in silico docking [83]. This study identified
three different conformational states of the Syt1-SNARE-Cpx complex (Figure 4A), which
were stable at a microsecond scale. The C2B-SNARE interface of the State 3 matched the
primary conserved interface discovered by crystallography [15]. Interestingly, two of the
three states had Syt1 directly interacting with Cpx (Figure 4A, States 1 and 2). The latter
finding was in line with multiple experimental studies, which suggested a functional [26–30]
or molecular [31] interaction between Cpx and Syt1 in vivo.

How does the association with the SNARE bundle affect the ability of the C2 domains
of Syt1 to penetrate into lipid bilayers? The AAMD simulations [83] revealed that when
the Syt1-SNARE-Cpx complex (State 3), with Syt1 being in its Ca2+-bound state, interacted
with the lipid bilayer mimicking PM (Figure 4B), the tips of both C2A and C2B domains
penetrated into the PM significantly deeper than within the isolated C2AB tandem inter-
acting with the PM (Figure 4C). In other words, the attachment of the C2B domain to the
SNARE bundle uncoupled the C2A and C2B domains and, consequently, promoted the
insertion of the tips of both C2 domains into the lipid bilayer mimicking the PM.

How does the Ca2+Syt1-SNARE-Cpx pre-fusion complex trigger SV-PM fusion? To
elucidate this question, AAMD simulations of the prefusion protein complex between lipid
bilayers mimicking the PM and an SV were performed [83]. This study demonstrated,
in silico, that this complex in its Ca2+-bound form enables the insertion of the tips of C2
domain of Syt1 into the PM, thus promoting PM curvature and also firmly anchoring the
t-SNARE bundle to the PM, acting synergistically with SNARE zippering and driving the
SV-PM merging (Figure 4D,E). In contrast, the same molecular system in the absence of Ca2+

did not promote fusion (Figure 4E). In summary, this study [83] identified the conformation
of the minimal protein machinery (Figure 4B,D) capable of driving SV-PM fusion.
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Figure 4. The prefusion Syt1-SNARE-Cpx complex. (A) Three conformational states of the Syt1-
SNARE-Cpx complex obtained by AAMD simulations. Note that States 1 and 2 have Syt1 directly
interacting with Cpx. (B) Two views of the prefusion Ca2+Syt1-SNARE-Cpx complex attached to the
PM. Note the Ca2+-bound tips of C2 domains immersed into the PM. (C) The attachment of the C2B
domain to the SNARE bundle decouples C2 domains and enables their deeper penetration into the
PM. The graphs show the distributions of the penetration depths over respective 5 μs trajectories.
(D) The prefusion Ca2+Syt1-SNARE-Cpx complex drives the merging of the SV (top) and the PM
(bottom) bilayers. (E) The number of SV-PM Van der Waals contacts for the Ca2+-bound and Ca2+-free
prefusion Syt1-SNARE-Cpx complexes along respective trajectories. Note continuous stretches of the
SV-PM attachment for the Ca2+-bound complex (green lines). In contrast, for the Ca2+-free complex,
the PM and SV bilayers are not in contact for most of the trajectory. Reproduced from [83].
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Subsequently, AAMD simulations were performed for the system containing several
Syt1-SNARE-Cpx complexed between the PM and SV lipid bilayers (Figure 5A) [92].
Importantly, this study showed that even in the case of multiple SNARE complexes, the C2B
domains of Syt1 robustly bind the SNARE bundles via their primary interfaces identified
by crystallography [15]. In contrast, the interactions of the C2A domain showed some
heterogeneity: in the end of the trajectory, two Syt1-SNARE-Cpx complexes had the C2A
domains penetrating into the PM, while the other two complexes had the C2A domains
bridging to the SV and interacting with Cpx (Figure 5B). This finding can be interpreted
either as heterogeneity in Syt1-SNARE-Cpx conformational states within the prefusion
protein–lipid complex or, alternatively, as dynamic intermediate states corresponding to the
conformational transitions of the complexes to their final prefusion states. More prolonged
AAMD simulations will be needed to discriminate between these possibilities.

Figure 5. SV-PM fusion mediated by four Syt1-SNARE-Cpx complexes. (A) The system at the initial
(0 ns) and final (336 ns) points of the trajectory. (B) Each of the four complexes between the bilayers
of the SV and PM in the end of the trajectory. Note that all the complexes have the C2B domains
(navy) attached to the SNARE bundles. In contrast, the positions of the C2A domains (cyan) vary:
two complexes (PC1 and PC4) have the C2A domain attached to the the PM, while the other two
complexes (PC2 and PC3) have the C2A domains interacting with Cpx (yellow) and bridging to the
SV. Reproduced from [92].

6. Conclusions and Further Directions

MD simulations of the SNARE proteins, Syt1, and Cpx elucidated the mechanistic
detail of the final stages of SNARE zippering, enabled the development of the all-atom
model of the fusion clamp, and revealed the atomistic detail of Syt1 immersing into lipid
bilayers and triggering fusion (Table 1). As the developments in supercomputing enable
more prolonged AAMD simulations of larger molecular systems [93–96], the dynamics of
synaptic fusion will be further elucidated.
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Table 1. A summary of the major MD studies of the synaptic fusion proteins.

Main Focus Methodology References

SNARE bundle dynamics AAMD [48,49,52]

SNARE TM domains embedded in
lipids

AAMD [50,51]

CGMD, Martini force field [53]

SNARE zippering under the forces
exerted by the PM-SV repulsion

CGMD, Martini force field [52,57]

CGMD, customized force fields [58–61]

Cpx fusion clamp AAMD [72–74]

Syt1 interdomain rotations AAMD [16,80]

Syt1 interactions with lipids AAMD [81–83]

Syt1-SNARE-Cpx prefusion complex
between PM and SV AAMD [83,92]

Notably, in silico studies, in particular prolonged AAMD simulations at a microsecond
scale, can elucidate how the fusion proteins transition to their pre-fusion states. Both
in vitro [91] and in silico [92] studies suggest that the Syt1-SNARE complex is hetero-
geneous, which may reflect the dynamic conformational transitions of the pre-fusion
Syt1-SNARE-Cpx complex to its final state triggering fusion, which occur in vivo. The
timescale of such transitions would likely occur at a scale of microseconds or tens of mi-
croseconds, and, therefore, cannot be monitored experimentally. However, the dynamics of
such conformational transitions can be captured in silico.

Importantly, the interactions of Syt1 and Cpx observed in silico [83] and in vitro [31]
and also suggested by in vivo [26–30] studies may play a pivotal role in guiding the pre-
fusion complex through the conformational transitions leading to fusion. Indeed, Cpx was
shown to synchronize evoked release [22,24,26] by a mechanism which is distinct from
clamping spontaneous fusion [34,35]. It is a plausible hypothesis that Cpx may synchronize
fusion by accelerating the conformational transitions of the Syt1-SNARE complex, and in
silico studies, such as AAMG or GCMD, can test this hypothesis directly.

Furthermore, the development of supercomputing capabilities makes it plausible to
incorporate additional components of the protein fusion machinery and to develop the
atomistic model of the pre-fusion protein dynamics beyond the minimal Syt-SNARE-Cpx
complex. In particular, the Munc family of proteins was shown to orchestrate the assembly
of the SNARE complex [1,2,43], with Minc18 possibly serving as a template, forming a
tripartite complex with t-SNARE and Sb and stabilizing the half-zippered state of the
SNARE bundle [97,98]. The in silico methods, such as AAMD or CGMD, could capture the
dynamics of this process in the atomistic detail.

Finally, the CG [57,58,60] and AA [92] models of several SNARE bundles mediating
fusion have set the stage for in silico studies of the SNARE self-organization, including
the interactions and possible cooperation between multiple SNARE complexes. Indeed,
competitive models for the interactions between SNARE bundles mediating fusion have
been proposed [33,36,99], and the AAMD and GCMD methods could test the feasibility of
these models in silico at the level of mechanics and dynamics of atomic interactions.

The mechanistic details outlined above could be the key for understanding numerous
disease-relevant mutations in the fusion proteins, and they can be unraveled by further
AAMD and GCMD studies.
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Abstract: The plasma membrane consists of a diverse mixture of molecules that dynamically assem-
ble into a highly non-random organization. The formation of nanoscale domains in the membrane is
of particular interest as these domains underlie critical cellular functions. Single-molecule tracking
is a powerful method to detect and quantify molecular motion at high temporal and spatial reso-
lution and has therefore been instrumental in understanding mechanisms that underlie membrane
organization. In single-molecule trajectories, regions of temporal confinement can be determined
that might reveal interesting biophysical interactions important for domain formation. However,
analytical methods for the detection of temporal confinement in single-molecule trajectories depend
on a variety of parameters that heavily depend on experimental factors and the influence of these
factors on the performance of confinement detection are not well understood. Here, we present
elaborate confinement analyses on simulated random walks and trajectories that display transient
confined behavior to optimize the parameters for different experimental conditions. Furthermore,
we demonstrate a heatmap visualization tool that allows spatial mapping of confinement hotspots
relative to subcellular markers. Using these optimized tools, we reliably detected subdiffusive behav-
ior of different membrane components and observed differences in the confinement behavior of two
types of glutamate receptors in neurons. This study will help in further understanding the dynamic
behavior of the complex membrane and its role in cellular functioning.

Keywords: single-molecule tracking; confinement; plasma membrane

1. Introduction

The plasma membrane is a highly complex and dynamic environment where a vast
variety of transmembrane proteins are embedded in a mixture of over a hundred differ-
ent types of lipids. Key to understanding membrane organization is determining how
components are organized and move within the lateral plane of the membrane [1]. The
development of single-molecule tracking techniques has been instrumental in quantify-
ing the diffusion of membrane components in living cells and has provided important
new insights into how the dynamic nanoscale organization of membrane components
contributes to cellular functions. In contrast to other techniques, single-molecule tracking
experiments provide trajectories that describe the motion of individual molecules, rather
than the average, ‘ensemble’ behavior of a population of molecules. Careful analysis of
single-molecule trajectories can therefore reveal a wealth of information on the dynamic
behavior of molecules, the biophysical properties of the cellular environment, and the com-
partmentalization of molecules. Single-molecule trajectories can be described as directed,
random (Brownian), or confined motion. Confinement zones, regions where a molecule
remains longer than expected from a Brownian diffusant, are of particular biological in-
terest. Confinement zones could indicate organizational hotspots where proteins undergo
transient binding to intracellular scaffold molecules or are trapped by the underlying
membrane cytoskeleton. Examples of such organizational hotspots that are relevant for
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biological processes are lipid domains [2,3], neurotransmitter receptor nanodomains [4–7],
G-protein-coupled receptor hotspots [8] and ion channel nanoclusters [9,10]. There is thus
a need for analytical tools that reliably detect, measure, and visualize confinement zones.

Several studies have reported on strategies to analyze and detect confined behavior in
single-molecule trajectories [11–18]. In fact, Einstein formulated a theory about Brownian
diffusants already in 1905, where he argued that the displacement of a Brownian particle
is proportional to the square root of the elapsed time [19]. Confinement is defined as the
portion of a trajectory that deviates from what a random walk would look like. Therefore, it
is essential to know how long a Brownian diffusant would stay in a certain region. Saxton
defined the probability that a molecule will stay in a region by the following equation:
log ψ = 0.2048 − 2.5117

(
D × t/R2) where D is the diffusion coefficient, t the period of

time, and R the radius of the region [20]. Simson et al. translated this probability into the
confinement index, which is inversely related to the probability that a Brownian molecule
will stay in a certain area [11]. When this probability during the trajectory becomes lower,
the confinement index will increase, indicating a period of transient confinement within
the trajectory. This confinement analysis has been used extensively by many labs to detect
temporal confinement in single-molecule trajectories [21–33].

This confinement analysis depends on different manually defined parameters that
need to be optimized to reliably detect confinement. These parameters include for instance
the window of frames to analyze, threshold for the confinement index, and the minimal
time a molecule should be in this state to be considered confined. Determining the optimal
values for each of these parameters, however, is not trivial and varying individual parame-
ters can have a large impact on the detection power of the analysis. Therefore, in this study,
we set out to understand the influence of individual parameters on the performance of
the confinement analysis and tested the robustness of this analysis on simulated random
walks and trajectories that display transient confined behavior. This allowed us to optimize
parameters and balance the detection of false-negatives and false-positives. Furthermore,
we developed a tool to visualize confinement areas in heatmaps that allows spatial mapping
of confinement hotspots relative to subcellular markers. To test the performance of this
analysis, we applied our analysis on experimental data and reliably detected subdiffusive
behavior for a variety of membrane components. Lastly, we found that two neuronal
glutamate receptors, mGluR5 (metabotropic glutamate receptor 5) and AMPA-type glu-
tamate receptors, reveal different confinement properties. This study will help in further
understanding the dynamic behavior of membrane components and their role in membrane
organization.

2. Materials and Methods

2.1. Simulations

To simulate 2D random walks, we tested two different simulation methods (Figure S1,
see Supplementary Materials). In the first model (model 1), every consecutive coordinate
is drawn from a Gaussian distribution based on the diffusion coefficient and the interval
time between the steps: step =

√
2 × D × Δt × [x y] where x and y are normally distributed

numbers, generated by the MATLAB function randn. In the second model (model 2), every
step has the same step size derived from the set diffusion coefficient and interval time,
however the angle and thus the direction of the step is random: step =

√
4 × D × Δt ×

[cos(θ) sin(θ)] where θ is a random angle between 0 and 2π, generated using MATLAB
(MathWorks, Natick, MA, USA, R2021B) function rand (Figure S1A). The MSD curve of
model 2 showed less variation in the curve, however the estimated diffusion coefficient is
for both models highly similar to the set diffusion coefficient for the simulation. We applied
subsampling to the simulated tracks so that every 100 steps the coordinates were saved in
the trajectory. After subsampling, the distributions of the diffusion coefficients were almost
identical for both models (Figure S1B) and for the rest of the simulations, we used model 2.

We also tested two different approaches for simulating transient confined trajectories.
The principal idea behind the simulations is that the molecule cannot escape a simulated
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circle for as long as it is simulated to be confined. The first approach is the ‘reflect’ model,
where the molecule bounces back from the simulated, circular confinement zone if the
next step would be outside the circle (Figure S1C, left panel). The second approach is the
‘stick’ model, where the molecule sticks at the border at the place where it would otherwise
escape the circle (Figure S1C, right panel). The ‘reflective’ model appeared to be more
stable when varying the step sizes in comparison to the ‘stick’ model. When increasing the
step size in the simulations, the plateau in the MSD curve reached higher values for the
‘stick’ model, while it remained the same for the ‘reflect’ model (Figure S1D). Therefore, we
used the reflective model for the rest of the confinement simulations.

2.2. Measure Power of Detection

The power of detection was measured as the percentage of confined displacements,
meaning all steps in all trajectories simulated that are in a period of detected confinement,
i.e., above threshold Lc for period of time longer than Tc.

2.3. Parameters Used in Simulations

Simulations were performed to generate trajectories of 100 frames and confinement
periods of 0, 15, or 50 frames, with diffusion coefficient of 0.05 μm2/s and interval time of
0.02 s unless reported otherwise. Basic simulation settings: D = 0.05 μm2/s, Nsteps = 10,000,
subsampling = 100, dt = 0.02 s, dt_sim = 0.0002 s. Basic confinement parameters: Lcm = 5.5,
Sm = 15, Smin = 4, Tc = 0.2 s, α = 0.5, npointsMSDset = 10, Rconf = 0.04 μm (Table S1).

2.4. Animals

All animal experiments were performed in compliance with the guidelines for the
welfare of experimental animals issued by the Government of the Netherlands (Wet op
de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). All animal
experiments were approved by the Dutch Animal Experiments Review Committee (Dier
Experimenten Commissie; DEC), performed in line with the institutional guidelines of
Utrecht University.

2.5. Primary Neuron Cultures and Transfections

Dissociated hippocampal cultures were prepared from embryonic day 18 (E18) Janvier
Wistar rat brains of both genders [34]. Dissociated neurons were plated on Ø18-mm cov-
erslips coated with poly-L-lysine (37.5 μg/mL, Sigma-Aldrich, St. Louis, MO, USA) and
laminin (1.25 μg/mL, Roche Diagnostics, Mannheim, Germany) at a density of 100,000 neu-
rons per well. Neurons were grown in Neurobasal medium (NB) supplemented with 1%
penicillin/streptomycin (Gibco), 2% B27 (Gibco), and 0.5 mM L-glutamine (Gibco, Grand
Island, NY, USA) at 37 ◦C in 5% CO2. From days in vitro (DIV) 1 onward, medium was
refreshed weekly by replacing half of the medium with BrainPhys Neuronal Medium (BP,
STEMCELL Technologies, Vancouver, Canada) supplemented with 2% NeuroCult SM1
(STEMCELL Technologies, Vancouver, Canada) and 1% penicillin/streptomycin. At DIV14,
neurons were transfected with indicated constructs using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). For each well, 1.8 μg DNA was mixed with 3.3 μL Lipofectamine 2000
in 200 μL BP, incubated for 30 min at room temperature (RT). Then, 400 μL conditioned
medium was transferred to a new culture plate and replaced by 260 μL BP supplemented
with 0.5 mM L-glutamine. The DNA mix was added to the neurons and incubated at 37 ◦C
in 5% CO2. After 1 to 2 h, neurons were briefly washed with BP and transferred to the
new culture plate with conditioned medium supplemented with an additional 400 μL BP
with SM1 and penicillin/streptomycin and kept at 37 ◦C in 5% CO2. All experiments were
performed using neurons at DIV18-22.

2.6. DNA Plasmids

All plasmids have been described before in previous studies: Homer1c-mCherry [35],
SEP-GluA2 [4], SEP-mGluR5 [35]. The GFP-GPI and mHD-GT46 constructs are kind
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gifts from Dr. Ewers (Institute for Chemistry and Biochemistry, Free University Berlin,
Germany; [36]).

2.7. Single-Molecule Tracking

Single-molecule tracking was performed on the Nanoimager S from ONI (Oxford
Nanoimaging; ONI, Oxford, UK), equipped with a 100×/NA 1.4 oil immersion objective
(Olympus Plan Apo, Hamburg, Germany), an XYZ closed-loop piezo stage, and with
471-, 561-, and 640-nm wavelength excitation lasers. Fluorescence emission was detected
using a sCMOS camera (ORCA Flash 4, Hamamatsu, Hamamatsu City, Japan). Stacks of
5000 frames were acquired at 50 or 100 Hz with oblique illumination using the 640-nm laser.
NimOS software (version 1.18.3) from ONI was used for localization and drift correction
was performed. Neurons were imaged in extracellular imaging buffer containing 120 mM
NaCl, 3 mM KCl, 10 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, and 10 mM glucose, pH
adjusted to 7.35 with NaOH. The GFP/RFP-booster Atto647N (Chromotek, Martinsried,
Germany) was added before image acquisition in a concentration of 1:200,000 in extracel-
lular imaging buffer while blocking with 1% BSA. For the tracking of DOPE, we added
Atto647N-DOPE (ATTO-TEC, Siegen, Germany) in complex with defatted BSA [37] before
image acquisition at a final concentration of 6.5 nM. We used a minimum track length of
30 frames (10- or 20-ms interval) for visualization and quantification. Postsynaptic density
(PSD) masks were created from a stack of 30 frames obtained for Homer1c-mCherry using
the 561 nm excitation laser as described in [38].

2.8. Single-Molecule Tracking Analysis

Using MATLAB (version 2021b), molecules with a localization precision <50 nm
were selected for analysis. Tracking was achieved using custom algorithms in MATLAB
described previously with a tracking radius of <500 nm [39]. The first three points of the
MSD with the addition of the value 0 at MSD(0) were used to fit the slope using a linear fit.
Tracks with a negative slope were not used for further analysis. The diffusion coefficient
was estimated based on the fit using the formula: MSD = 4 × D × Δt. Only tracks of
at least 30 frames were selected for further analysis. Tracks were classified as immobile

when the ratio between the radius of gyration and mean step size (
√
π/2·radius o f gyration

mean stepsize )
was smaller than 2.11 [40]. The PSD mask was created based on the maximum intensity
projection of Homer1c-mCherry. Peaks in intensity were detected, after which a FWHM-like
boundary was defined for each PSD.

Transient confinement analysis on mobile trajectories was done in MATAB using
slightly modified scripts from a previously published MATLAB implementation [21]. As
modifications, we included the last segments of the trajectory shorter than Sm in the averag-
ing to improve confinement detection at the end of a trajectory (Figure S2A). Furthermore,
the point in the trajectory is the middle of the sliding window of the D over time instead
of the beginning of the sliding window, for a better correlation with L over time (Figure
S2B). Lastly, we corrected the ln into the log10 for defining confinement index L. As D, the
maximum Dinst was used, estimated for each sub-trajectory of Δ10. Parameters used in
the analysis are: Lc = 5.5, Sm = 15, α = 0.5, Tc = 0.2 s (Table S1). The confinement zones
are further analyzed for size and duration of confinement and diffusion coefficient in
and outside confinement zones. Confinement maps were created based on the detected
confinement radius for each confinement zone. Each confinement zone was stored as a
two-dimensional Gaussian distribution with the radius as FWHM. The final matrix was
plotted with a color-code, where higher values indicate confinement hotspots because there
are multiple Gaussians on top of each other.

2.9. Statistical Analysis

Statistical significance was tested using a Student’s t-test when comparing two groups.
Statistical tests with a p-value below 0.05 were considered significant. Significance is
indicated as follows: p < 0.05 is indicated by *, p < 0.01 by **, and p < 0.001 by ***. Analysis
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was performed on neurons originating from three individual preparations of hippocampal
neurons. The number of neurons used for analysis is indicated as n. Statistical analysis and
graphs were prepared in GraphPad Prism (version 9, Graphpad Software, San Diego, CA,
USA) and figures were generated in Adobe Illustrator 2022 (Adobe Systems, San Jose, CA,
USA).

3. Results

3.1. Detection of Transient Confinement within Single-Molecule Trajectories

To detect transient confinement within single-molecule trajectories, Simson et al. [11]
developed a statistical framework defining areas where a diffusing molecule remains
significantly longer than expected if it would undergo Brownian motion. The probability ψ
that a molecule stays within a bounded region for a set period of time has been defined by
Saxton as:

log ψ = 0.2048 − 2.5117
(

Dt/R2
)

(1)

with D being the diffusion coefficient, t the period of time, and R the radius of the region [20].
Simson et al. [11] used this probability to derive the confinement index L, which is inversely
related to ψ:

L =

{
− log(ψ)− 1) ψ ≤ 0.1
0 ψ > 0.1

(2)

High values of L are thus indicative of non-random confinement and L = 0 in cases
of random diffusion. The calculation of L is inherently based on a number of variables
that will influence the detection power of the confinement analysis. To correctly interpret
the results of this analysis, here we aimed to understand the influence of these different
variables on the detection power of the analysis. The analysis in this study is based on
the MATLAB implementation from Ménchon et al. [21] with some modifications (see
Section 2.8; Figure S2). To define the confinement index over time for individual trajectories,
a trajectory is first divided into segments with minimum length Smin and maximum length
Sm (Figure 1A) and for each individual segment, L is calculated as described above. As
such, these parameters are thus expected to determine the spatial and temporal sensitivity
of the analysis. The radius R of the segment is defined by the maximum distance between
one of the points and the starting point of the segment. The diffusion coefficient D used
in the formula is the same for all the segments in the trajectory and should represent
the diffusion coefficient of the molecule if it would move freely. Then, for each point in
the trajectory, L is averaged over all the segments that include that point. Note, that as a
consequence, the averaged L for points at the beginning and the end of the track is averaged
over fewer segments than points in the middle. As can be seen for a simulated trajectory
with a short period of transient confinement (Figure 1B), L values are higher during the
confined period, which is accompanied by a temporal decrease in the diffusion coefficient
(Figure 1C). Confined periods within a trajectory can then be defined by selecting periods
in which all points are above the critical minimum L (Lcm) for a duration longer than a
critical period of time (Tc) (Figure 1C).

When increasing the diffusion coefficient D of simulated molecules, it can be seen that
because for a molecule with a higher D it is less likely that it would stay in the same area
for the same time, relatively higher L values are calculated (Figures 1D and S3A). On the
other hand, when D remains constant but the region in which the molecule is observed
is larger, the calculated confinement index becomes lower, because it is more likely that
a freely moving molecule would stay in a larger area (Figures 1E and S3B). Lastly, if we
only increase the observed time window (t)—which is represented by Smin and Sm—while
keeping the other variables the same, a higher confinement index will be detected because
it is less likely that a Brownian molecule with that diffusion coefficient would stay in the
same area for a longer time (Figure 1F).
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Figure 1. Influence of variables in confinement index formula. (A) Schematic diagram of how
trajectories are divided into segments with different lengths. In this simplified example, the minimal
segment length (Smin) is 4 frames and the maximum segment (Sm) is 6. All the segments are
displayed that will be included in the confinement index of frame 1 (blue), 9 (orange), and 15 (green).
(B) Simulated trajectory with a confinement zone with radius of 40 nm. Color-coded for time and
confined period. Scale bar, 0.2 μm. (C) Diffusion coefficient (top) and confinement index (bottom) over
time of the simulated trajectory in (B). Color-coded for time and confined period. Tc and Lcm indicate
the critical time period and critical L threshold used to detect confinement periods. (D) Average
confinement index over time for 100 simulated trajectories with three different diffusion coefficients.
Simulated confined period is indicated with the gray box. Illustrations display for each condition one
example segment of the track in the corresponding color. Simulated confinement radius (Rconf ) is
0.04 μm and Sm is 15 frames. (E) Average confinement index over time for 100 simulated trajectories
with three different simulated confinement radii. Simulated confined period is indicated with the gray
box. Illustrations display for each condition one example segment of the track in the corresponding
color. Diffusion coefficient is 0.05 μm2/s and Sm is 15 frames. (F) Average confinement index over
time for 100 simulated trajectories with 3 different segment lengths (Sm = Smin). Simulated confined
period is indicated with the gray box. Illustrations display for each condition one example segment
of the track in the corresponding color. Diffusion coefficient is 0.05 μm2/s and Rconf is 0.04 μm. Data
are represented as means ± SEM.
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3.2. Optimizing Input Parameters for Accurate Transient Confinement Zone Detection in
Single-Molecule Trajectories

After considering the influence of the different variables in the confinement index cal-
culation, we aimed to optimize the user-defined parameters for the confinement detection
to minimize the false positive rate while maximizing the true detection rate. False positives
can be detected because L is not zero: even in random walks fluctuations in L could be
inadvertently interpreted as confinement.

First, we wanted to define what effect the input parameters would have on incorrectly
detecting confinement in random walks, therefore we simulated random walks with
parameters comparable to experimental situations (D = 0.05 μm2/s, dt = 0.02 s, 100 frames)
and started off with a maximum window size (Sm) of 15 frames. Lowering the minimum
L threshold (Lcm) increased the percentage of false positives detected in random walks,
similar to decreasing the critical period of time (Tc) (Figure 2A). Changing the maximum
window size (Sm) did not lead to a large change in the detection of false positives (Figure 2B).
Thus, to achieve the lowest number of false positives, Lcm and Tc should be set relatively
high, whereas the value of Sm is of less significance.

Next, we investigated the effect of the input parameters on the detection of true
confinement. Therefore, we simulated trajectories with confined periods and parameters
comparable to experimental situations (D = 0.05 μm2/s, dt = 0.02 s, 100 frames, confined
period of 15 or 50 frames and simulated confinement radius (Rconf ) of 0.04–0.06 μm).
Increasing Lcm lowered the detection power of true confinement (Figure 2C). Furthermore,
in contrast to the effect on random walks, the time window plays an important role in the
correct detection of true confinement. The power of detection increased with larger Sm
when the confinement period was equally long, whereas the power of detection decreased
if the confinement period was shorter than Sm (Figure 2D). Choosing this maximum time
window will also affect the power of detecting multiple confinement zones after each
other. Increasing the Sm to achieve increased power of detection could lead to combining
multiple confinement zones because L will not go below the threshold in between the
zones (Figure 2E, orange and green traces). Taken together, to achieve high power of
detection, Lcm should not be too high and the value for Sm will affect the resolution at
which confinement zones can be detected. While higher Sm values increase detection of
confinement, it reduces the power to detect shorter periods of confinement that, at high Sm
values, will be averaged out or combined with other confinement zones.

Because the diffusion coefficient can change over the course of a trajectory, Ménchon
et al. introduced another L threshold where the threshold is defined by the average L of a
trajectory multiplied by a factor α that ranges from 0 to 1 [21]. It is important to consider
the effect of using this threshold definition as it can both increase and decrease the power
of detection. For example, when the average L is high because of two highly confined
regions, Lc will be higher than Lcm, resulting in not detecting a less confined third region
(Figure 2F). On the other hand, when there are highly confined zones—possibly caused by
a lower diffusion coefficient—shortly after each other, using the threshold Lc will separate
the two zones, whereas Lcm would be too low (Figure 2G).
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Figure 2. Influence of user-defined parameters on the confinement analysis. (A) Effect of minimal
critical L (Lcm) and critical time (Tc) on percentage of false positives in simulated random walks.
Dotted line indicates 0.1% false positives. Sm is 15. Five independent simulations of 100 trajectories.
Data are represented as means ± SEM. (B) Effect of Sm on percentage of false positives in simulated
random walks. Dotted line indicates 0.1% false positives. Lcm is 5.5 and Tc is 0.2 s. Five independent
simulations of 1000 trajectories. Data are represented as means ± SEM. (C) Effect of Lcm on the
percentage of detected confined displacements in trajectories simulated to be confined for 50 of the
100 frames. Sm = 15, Tc = 0.2 s, Rconf = 0.04 μm. Five independent simulations of 1000 trajectories.
Data are represented as means ± SD. (D) Effect of Sm on correct confinement detection in trajectories
simulated to be confined 15 or 50 of the 100 frames. Lcm = 5.5 and Tc = 0.2 s. One hundred simulated
trajectories per condition. (E) Effect of Sm on the ability to discriminate between multiple confinement
zones shortly after each other. Lcm = 5.5 and Rconf = 0.03 μm, 100 trajectories. Simulated confined
periods are indicated with the gray boxes. Data are represented as means ± SEM. (F) Negative
effect of ‘α * average L’ as Lc. Single simulated trajectory with three confinement zones. The middle
confinement zone does not reach the threshold. Rconf = 0.015 μm and 0.03 μm and α = 0.5. Simulated
confined periods are indicated with the gray boxes. (G) Positive effect of ‘α * average L’ as Lc. Single
simulated trajectory with two confinement zones. With Lcm as threshold, both confinement zones
would have been merged into one. Rconf = 0.03 μm and α = 0.5. Simulated confined periods are
indicated with the gray boxes.

3.3. Estimated Diffusion Coefficient Can Be Influenced by Track Length

One important parameter in the confinement index formula is the diffusion coefficient.
This is the diffusion coefficient of the molecule if it could move freely. However, setting
this diffusion coefficient is not trivial. One approach is to use the maximum instantaneous
diffusion coefficient (Dinst) per trajectory, assuming that the molecule undergoes Brownian
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diffusion during at least part of the trajectory [21]. To calculate the maximum Dinst of a
trajectory, we need to determine how the diffusion coefficient changes along the trajectory.
Therefore, the Dinst was estimated based on the linear part of the MSD versus time lag curve
for each window of ten steps over the complete trajectory and the maximum Dinst was used
as the D of that trajectory. For this short window, the uncertainty in estimating the diffusion
coefficient could be relatively high, but it allows for the detection of changes in the diffusion
coefficient within individual trajectories. Another approach would be to test against a set
diffusion coefficient chosen a priori that would resemble the Brownian diffusion of the
molecule of interest. This value could for instance be deduced from independent tracking
experiments, taking the diffusion coefficient of a freely moving population of trajectories as
a reference value [22,28,29].

We investigated the effect of the different approaches in defining the Brownian diffu-
sion coefficient on the false positive rate and confinement detection. For simulations, it is
possible to test against a set diffusion coefficient and we compared this approach (Dset) to
using the maximum instantaneous diffusion coefficient (Dmax). An interesting observation
was that the false positive rate depended on the length of the simulated tracks for the
Dmax approach whereas this was stable with Dset (Figure 3A,B). This was caused by a
higher Dmax for the longer tracks, probably because there is a higher chance that there
is a peak in the diffusion coefficient over time when there are more steps in the trajectory
(Figure 3C). Similarly, in confined tracks with the same confinement zone but a longer
total length, the confinement index during the period of confinement was higher with
the Dmax method, whereas with Dset, the confinement index was similar for all track
lengths (Figure 3D,E). This difference could also be explained by the higher Dmax values
for the longer tracks (Figure 3F). To improve the Dmax method, we tested the effect of
including more steps in the sliding window for the estimation of Dinst. That resulted in
a lower Dmax because the peaks are averaged out. However, Dmax still increases with
longer track lengths (Figure 3G). A third option (Dinst) would be to use the estimated
instantaneous diffusion coefficient per track as the D in the confinement formula as used
by Simson et al. [11]. However, although based on only the first three points of the MSD
versus time lag curve, Dinst is heavily influenced by confinement in the trajectory, whereas
Dmax only declined when the largest part of the trajectory is confined (Figure 3H). Thus,
using Dinst per trajectory negatively affects the ability to detect transient confinement. Par-
ticularly, when a track was confined for more than 50% of the time, the power of detection
dropped dramatically (Figure 3I). To conclude, using a set diffusion coefficient as D in
the confinement formula appears to be the most reliable method, however this is under
the assumption that the Brownian diffusion coefficient of the molecule is known. The
alternative method would be using the Dmax, where the diffusion of the whole trajectory is
tested against the fastest segment in the trajectory, thus investigating changes in diffusion
behavior over the course of the trajectory.

3.4. Detection Limits in the Confinement Analysis

Next, we wanted to understand the detection limits of the confinement analysis to
interpret the results correctly. Can similarly sized confinement zones still be detected for
molecules with different diffusion coefficients? Purely based on the theoretical formula
behind the confinement analysis, it is only possible to detect a large confinement zone
if the diffusion coefficient is high enough and the time is long enough (Figure 4A,B).
Only then will the confinement index L still reach the threshold when the confinement
radius is large. In other words, the ratio between the possible explored area of a random
diffusing molecule (D × t)—with given diffusion coefficient and time—and the observed
explored area (R2) should be high enough to be considered confined (Figure 4C). To
study the limits of the confinement analysis in detecting confinement zones of specific
sizes, we simulated confined tracks with varying diffusion coefficients (0.01–1 μm2/s) and
confinement radii (Rconf, 20–200 nm). Next, we ran the transient confinement analysis
on these simulations and found the fraction of confinement zones that were detected and
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their detected confinement radius (Figure 4D,E). It is clear from the results that the larger
confinement zones cannot be detected in tracks with low diffusion coefficients. Such a
molecule with a low diffusion coefficient could reside in a larger area without deviating
from a Brownian molecule in their behavior.

Figure 3. Effect of diffusion coefficient in the confinement index formula on confinement detection.
(A,B) Effect of track length on the percentage of false positives in random walks using Dset (A) or
Dmax (B) as diffusion coefficient in the confinement index formula. Five independent simulations of
1000 trajectories per condition. Data are represented as means ± SEM. (C) Effect of track length on
Dmax. One hundred simulated random walks per condition. Data are represented as means ± SD.
(D,E) Effect of track length on the confinement index over time using Dset (D) or Dmax (E) as diffusion
coefficient in the confinement index formula. 100 confined trajectories per condition, Rconf = 0.02 μm.
Data are represented as means ± SEM. (F) Violin plots of Dmax values from (E). (G) Effect of the
length of the segments used for estimating Dinst within trajectories on Dmax. (H) Effect of the
percentage of confinement within a trajectory on the estimated diffusion coefficient of the whole
trajectory (Dinst) or the Dmax. One thousand trajectories per condition, Rconf = 0.04 μm. Data are
represented as means ± SD. (I) Effect of the percentage of confinement within a trajectory on the
detected confinement within the trajectory using Dmax, Dinst or Dset. Dotted line indicates set
confinement = detected confinement. One thousand trajectories per condition, Rconf = 0.04 μm.
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Figure 4. Detection limits of the confinement analysis. (A) Theoretical effect of the confinement radius
and diffusion coefficient on the confinement index that can be detected. Observing time = 16 frames
or 0.3 s. Dotted line indicates Lcm of 1.5 as used with Dset. (B) Theoretical effect of the confine-
ment radius and observing time on the confinement index that can be detected. D = 0.1 μm2/s.
(C) Theoretical relation between D × t/R2 and the confinement index. (D) Effect of the diffusion
coefficient in trajectories on the ability to detect a range of different simulated confinement radii
(Rconf ). (E) Effect of the diffusion coefficient in trajectories on the detected confinement radius given
the same range of confinement radii in (D) as input for the simulations. (F) Effect of the timing of
simulated confinement periods and Rconf on the correct detection of confinement. Fifteen frames
confined of total 100 frames per simulated track. Five independent simulations of 100 trajectories per
condition. Dotted line indicates correct confinement detection. Data are represented as means ± SD.

Additionally, the first and last points in the confinement profile of a track are averaged
over a lower number of segments. Therefore, we tested whether the timing of a confinement
zone would affect the power of detection. We simulated confinement zones with varying
radii and duration of 15 or 50 frames at the beginning, middle, and end of the track, and
observed no considerable differences in the detected confined displacements (Figures 4F
and S4). Thus, the detection of confinement in this analysis is not limited by the timing of
the confinement periods.

3.5. Influence of Localization Error and Frame Rate on Confinement Detection Accuracy

In single-molecule tracking analysis, the first step is to localize the sub-pixel position
of fluorescence emission events of single molecules. Generally, the point spread function of
single-molecule emission spots can be fitted with a two-dimensional Gaussian function. The
uncertainty inherent to the fitting routine, or localization error, influences the accuracy of
the detected single-molecule trajectories. To investigate the effect of the localization error on
the performance of the confinement detection, we simulated random walks and confined
tracks with no error, 20 nm, and 50 nm localization error. We found that in random walks, a
larger localization error resulted in fewer false positives (Figures 5A and S5A). Thus, the Lcm
threshold could be lowered to achieve the same detection precision. This can be explained by
R2 being, on average, larger with a higher localization error. However, a higher localization
error also resulted in a dramatic decrease in the detection of both short and longer confinement
periods, even with the lowered Lcm threshold (Figures 5B,C and S5B,C).
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Figure 5. Influence of experimental parameters on confinement detection. (A) Effect of localization
error on the percentage of false positives detected in random walks. Three independent simulations of
1000 trajectories per condition. Data are represented as means ± SD. (B,C) Effect of localization error
on the percentage of detected confined displacements in tracks simulated to be confined for 15 (B) or
50 (C) of the 100 frames. Rconf = 0.04 μm. Three independent simulations of 1000 trajectories. Data
are represented as means ± SD. (D–F) Confinement index of 5 random trajectories over time with
(D) Sm = 15, dt = 0.02 s and 100 frames, (E) Sm = 15, dt = 0.01 s and 200 frames, (F) Sm = 30, dt = 0.01 s
and 200 frames. (G–I) Confinement index of 5 confined trajectories over time with (G) Sm = 15,
dt = 0.02 s and 100 frames, (H) Sm = 15, dt = 0.01 s and 200 frames, (I) Sm = 30, dt = 0.01 s and
200 frames. Rconf = 0.04 μm. (J) Corresponding average confinement index values of (G–I).
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Another experimental parameter we considered is the frame rate of the acquisition that
determines the time resolution in the single-molecule trajectories. It is important to adjust
the parameters of the analysis accordingly, especially when comparing different experi-
ments with different experimental parameters. Using the same maximum segment window
with a smaller interval time will lead to narrower peaks in random walks (Figure 5D,E).
Moreover, for a similar long period of confinement, the average confinement index will be
lower with a smaller interval time and the same segment window (Figure 5G,H). Chang-
ing the interval time can be corrected by adjusting the maximum segment window (Sm)
accordingly to obtain a more similar confinement index over time profile (Figure 5F,I,J).

3.6. Spatial Mapping of Transient Confinement of Membrane Probes

Next, we wanted to test the robustness of the confinement analysis on experimental
single-molecule tracking data. We therefore focused on the neuronal membrane, where the
dynamic behavior of individual membrane components collectively contributes to the effi-
cient transfer of synaptic signals [41]. Subsynaptic domains enriched in glutamate receptors
and scaffolding molecules were found to be aligned with the presynaptic glutamate release
to optimize synaptic transmission, which emphasizes the importance of the heterogeneous
organization of the neuronal membrane [42,43]. First, we developed a visualization tool to
map the detected confinement zones resulting in a spatial heatmap of confinement hotspots.
Such a heatmap can be displayed together with other cellular markers to locate confinement
hotspots relative to specific subcellular domains. To create such a heatmap, we plotted
every confinement zone as a Gaussian with amplitude 1 and the radius of the confinement
zone as the FWHM (Figure 6A). Overlapping confinement zones would result in higher
amplitude values, resulting in a heatmap that is color-coded for the amplitude values.
Neurons were transfected with GFP-GPI, and we performed single-molecule tracking
experiments using an anti-GFP nanobody coupled to Atto647N (Figure 6B). After tracking
the molecules, we performed the transient confinement analysis on the mobile trajectories
to obtain information on the location and timing of confinement zones in experimental
trajectories (Figure 6C,D). Finally, we plotted the trajectories and confinement heatmap in
combination with a marker of excitatory synapses (Homer1c-mCherry) (Figure 6E–J). We
observed confinement of GFP-GPI in the axon, dendrite, and spines, where confinement
does not seem to be specifically enriched at synaptic locations. Overall, this visualization
tool allows for the detection of areas with high levels of transient confinement in a cellular
context, by mapping the confinement zones relative to cellular markers.

To address the effect of changing parameters in the confinement analysis on the
resulting confinement measures in experimental datasets, we applied the confinement
analysis on a single-molecule tracking acquisition of GFP-GPI in the neuronal membrane.
Lowering the Lcm increased the detected confinement radius, the diffusion coefficient inside
confinement zones, and resulted in more trajectories with detected confinement (number of
tracks with confinement for Lcm 3: 381, Lcm 4: 309, Lcm 5.5: 219, Figures 7A and S6A). On
the other hand, varying Tc did not affect the average detected confinement radius or the
diffusion coefficient inside confinement zones, although with higher Tc, fewer trajectories
with detected confinement were found because of the stricter thresholds (Tc 0.1: 311, Tc 0.2:
219, Tc 0.3: 139, Figures 7B and S6B). Lastly, a longer time window resulted in the detection
of larger confinement zones and a higher diffusion coefficient inside confinement zones,
but did not noticeably affect the number of trajectories with detected confinement (Sm 5:
181, Sm 15: 219, Sm 30: 177, Figures 7C and S6C).
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Figure 6. Spatial visualization of confinement. (A) Gaussian function used in confinement map
with amplitude 1. FWHM is the confinement radius. Color-coded for amplitude. (B) GFP-GPI
anti-GFP nanobody Atto647N trajectories in axon and dendrite. Boxes mark location of zooms in
(E–J). Scale bar, 2 μm. (C) Example experimental GPI trajectory with 5 confinement zones indicated
with the grey circles. Color-coded for time. Scale bar, 200 nm. (D) Diffusion coefficient (top) and
confinement index (bottom) over time of the experimental trajectory in (C). Color-coded for time and
the detected confined periods are indicated with the gray boxes. (E–J) Zoom of trajectories in the
axon (E–G) and dendrite (H–J). (E,H) All trajectories displayed in different colors. (F,I) Trajectories
with confined periods. Confinement zones are indicated with the black circles. (G,J) Confinement
map indicating areas with multiple confinement zones close to or on top of each other. Homer1c PSD
mask is indicated in gray in the dendrite. Scalebar, 1 μm.
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Figure 7. Confinement analysis on experimental trajectories. (A–C) Effect of user-defined parameters
on the detected confinement radius. (A) Vary critical L, Lcm. Number of trajectories with confinement:
Lcm 3: 381, Lcm 4: 309, Lcm 5.5: 219. (B) Vary critical time, Tc. Number of trajectories with confinement:
Tc 0.1: 311, Tc 0.2: 219, Tc 0.3: 139. (C) Vary maximum segment length, Sm. Number of trajectories with
confinement: Sm 5: 181, Sm 15: 219, Sm 30: 177. (D–F) Confinement zones detected for membrane
probes: GluA1, GT46, GPI, and DOPE. (D) Detected confinement radius for each probe. (E) Estimated
diffusion coefficients for each probe. (F) Example trajectories with their detected confinement zone.
Interval times during the acquisition are indicated. Scale bar, 200 nm. (G–J) (G) Average estimated
diffusion coefficient inside confinement zones, (H) average estimated diffusion coefficient outside
confinement zones, (I) average dwell time, (J) average total track length for mGluR5 (n = 20) and
GluA2 (n = 17; unpaired t-test) (left), and corresponding cumulative frequency distribution (right).
(I) Dotted line indicates dwell time threshold. (J) Dotted line indicates minimum track length
threshold. Data are represented as means ± SEM. * p < 0.05, *** p < 0.001, ns, p > 0.05.
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Furthermore, we wanted to investigate the possibility to compare confinement of
different membrane probes with different diffusional properties. Therefore, we compared
the confinement behavior of (1) the AMPAR subunit GluA2 with (2) an artificial protein
with single-spanning transmembrane domain (GT46), (3) GFP-GPI, and (4) the phospho-
lipid DOPE in neurons. We detected transient confinement in the trajectories of all four
membrane probes, but considerably larger confinement zones were detected for DOPE in
comparison to GluA2 (Figure 7D). This difference could be explained by their difference in
diffusion as DOPE has a higher diffusion coefficient (Figure 4, Figures 7E,F, and S6D). The
difference in size of the confinement zones related to their difference in diffusion coefficient
for all probes, except GPI which diffused slightly faster than GT46 but revealed slightly
smaller confinement zones. In conclusion, comparison of confinement zone properties
should be approached with caution when the diffusion coefficients of the probes differ
considerably.

Lastly, we aimed to compare the transient confinement properties of two glutamate
receptors that have comparable diffusion coefficients: the metabotropic glutamate receptor
5 (mGluR5) and the AMPA receptor subunit GluA2 (Figure S6E). These receptors both
reside in the postsynaptic membrane, but GluA2 is found to be more enriched in the
synapse whereas mGluR5 is concentrated in an area around the synapse [44,45]. We found
that the diffusion coefficient of GluA2 inside confinement zones was lower than for mGluR5
(mGluR5: 0.00891 ± 0.00035 μm2/s and GluA2: 0.00793 ± 0.00025 μm2/s; Figure 7G), while
the diffusion coefficient outside confinement zones was not significantly different (mGluR5:
0.0813 ± 0.0030 μm2/s and GluA2: 0.0789 ± 0.0040 μm2/s; Figure 7H). In addition, the time
GluA2 resided in confinement zones was longer than mGluR5 (mGluR5: 0.419 ± 0.012 s
and GluA2: 0.477 ± 0.010 s; Figure 7I), while the total track length was not significantly
different (mGluR5: 1.65 ± 0.043 s and GluA2: 1.71 ± 0.054 s; Figure 7J). These results
suggest that there are different mechanisms responsible for the confinement of mGluR5
and GluA2.

4. Discussion

Single-molecule tracking is a powerful approach to investigate the heterogeneous orga-
nization of cellular membranes. However, precise and reliable analysis of single-molecule
tracking data remains challenging. This study set out to gain a better understanding of the
detection of transient confinement in single-molecule trajectories.

We found that a considerable factor in the confinement analysis is the diffusion co-
efficient that is used in the formula to define the diffusion coefficient of the molecule
when it would move freely. However, defining this free diffusion coefficient a priori is
not straightforward. We therefore compared three different methods: using the maximum
instantaneous diffusion coefficient per trajectory based on shorter segments [21], the instan-
taneous diffusion coefficient per trajectory [11], and defining a constant diffusion coefficient
for the molecule of interest considered to be the free diffusion coefficient [22,25,26]. It is
important to note the limitations of all these methods and their consequences on the results.
The Dmax could be an overestimation of the free diffusion coefficient and therefore lead to
an overestimation of the detected confinement in that trajectory and in addition, the value
of Dmax seems to depend on the length of the track. However, it does allow for detecting
changes in diffusion behavior over the trajectory. Estimating the instantaneous diffusion
coefficient per trajectory could be heavily influenced by the percentage of confinement
in the trajectory and therefore lead to reduced power of detection. Using a set diffusion
coefficient is another approach of using the confinement analysis as with this method
not only transient confinement would be detected but also completely confined tracks,
as all the tracks are tested against the same diffusion coefficient and thus no longer for
a temporal deviation within the trajectory. This heavily depends on choosing the free
diffusion coefficient in a correct way. Previous studies used this approach, but this was
under the assumption that the diffusion of these molecules was mainly Brownian [22,25,26].
This should be done with caution as we showed that the percentage of confinement in a
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track could influence the Dinst. It is important to note that when using this approach in
the case of comparing confinement after, for instance, an experimental treatment, that the
difference may solely come from a change in the diffusion coefficient and does not perse
reflect a true difference in the confinement behavior.

One of the interesting quantitative outcomes of the confinement analysis is the size
of a confinement zone. We found, however, that the maximal size that can be detected,
depends on the diffusion coefficient of the molecule. Thus, comparing confinement of
molecules with varying diffusion coefficients could lead to erroneous conclusions about
differences in their confinement zone sizes. It is also not directly evident from the data
which biological mechanism underlies these confined periods, and different mechanisms
might also result in different confinement measures. Phase separation into liquid-ordered
and liquid-disordered phases in model membranes arises mainly from the combination
of lipid composition and temperature. Biological membranes are even more complex,
both in the heterogeneity of lipids and involvement of membrane-associated proteins
that affect the thermodynamics. Neurons and more specifically synapses are enriched
in cholesterol and sphingolipids [46,47]. These lipids comprise the more ordered phase
in the membrane and especially add up to the heterogeneous organization of biological
membranes [48–50]. Furthermore, characteristics of confinement zones could be explained
by compartmentalization by the actin-based membrane skeleton, molecular crowding, or
binding to scaffold proteins [37–39].

Interestingly, we detected differences in the confinement behavior of glutamate recep-
tors mGluR5 and GluA2, which suggests that different mechanisms are responsible for
their confinement. It is known that these glutamate receptors show different distribution
patterns within the postsynaptic membrane, GluA2 is concentrated in the postsynaptic
density (PSD) whereas mGluR5 seems to be surrounding the PSD [51]. As our results reveal
that GluA2 is trapped for longer time and moves slower, this could be an indication that
GluA2 is trapped at a specific location mainly by scaffold molecules, supported by the
finding that the actin cytoskeleton is absent from the PSD [52]. On the other hand, mGluR5
might be slowed down in its diffusion by other mechanisms such as steric hindrance or
interactions with the cytoskeleton. Other methods for confinement analysis might help
in detecting specific underlying mechanisms. For example, Meilhac et al. modified the
method from Simson et al. to be able to detect jumps between compartments in the mem-
brane [11,12]. Another way to characterize confinement are potential wells, describing a
field of force resulting from molecular interactions, which has been suggested for synaptic
receptors [18,40,41]. Lastly, this method could also be applied to less complex membranes
to get a better estimate of the mechanism behind detected confinement behavior. For
example, to study the effect of temperature on confined behavior and thus membrane
organization.

5. Conclusions

This study provides a systematic analysis of the influence of the different parameters
that are used for detecting temporal confinement in single-molecule trajectories and pro-
poses a visualization tool to map confinement zones in the cellular context. To demonstrate
the validity of the presented approach, we studied the diffusion of two glutamate receptor
types in neurons and found that mGluR5 and GluA2 differ in their confinement behavior.
We believe the presented results can guide future studies in the correct detection and inter-
pretation of confinement analysis. As such, this study will help in better understanding
the complex organization of the membrane by reliably detecting and spatially mapping
confinement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12070650/s1, Table S1: Confinement parameters
and their effect on the power of detection; Figure S1: Random walk and confinement simulations;
Figure S2: Improvements in the confinement analysis; Figure S3: Raw simulated transient confined
trajectories from Figure 1; Figure S4: Effect of timing confinement on power of detection; Figure S5:
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Effect of localization error on confinement detection using Dset; Figure S6: Confinement analysis on
experimental trajectories. Reference [21] is cited in Supplementary Materials.
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Abstract: The photosynthetic reaction center of the purple nonsulfur bacterium Cereibacter sphaeroides
is a useful model for the study of mechanisms of photoinduced electron transfer and a promising
component for photo-bio-electrocatalytic systems. The basic research and technological applications
of this membrane pigment-protein complex require effective approaches to increase its structural
stability. In this work, a rational design approach to genetically modify the reaction centers by
introducing disulfide bonds is used. This resulted in significantly increasing the thermal stability
of some of the mutant pigment-protein complexes. The formation of the S-S bonds was confirmed
by X-ray crystallography as well as SDS-PAGE, and the optical properties of the reaction centers
were studied. The genetically modified reaction centers presented here preserved their ability for
photochemical charge separation and could be of interest for basic science and biotechnology.

Keywords: protein stabilization; disulfide bonds; photosynthetic reaction center; integral membrane
protein; site-directed mutagenesis; crystal structure

1. Introduction

The photosynthetic reaction center (RC) of the purple bacterium Cereibacter sphaeroides
(recently renamed from Rhodobacter sphaeroides) is a photosensitive membrane pigment-
protein complex that serves as a convenient and informative test model for studying the
mechanisms of electron transfer, photosynthesis, and pigment-protein interactions. It is a
well-studied, relatively stable integral membrane protein (IMP) with established protocols
for its expression, isolation from membranes, and purification. The RC from C. sphaeroides
consists of three protein subunits and ten cofactors arranged in two membrane-spanning
branches, A and B. The RC contains two bacteriochlorophylls (BChl), PA and PB, combined
into a special pair P, two monomeric BChls, BA and BB, two bacteriopheophytins (BPhe),
HA and HB, two quinones, a non-heme Fe atom, and a spheroidene molecule [1]. This
bacterial reaction center shares considerable similarities with the photosystem II of plants,
algae, and cyanobacteria [2] and has therefore served for many years as a structural and
functional model for the study of the more complex photosystem II.

One of the most common methods to study the mechanisms of photochemical pro-
cesses in the reaction centers is via amino acid substitutions. This method allows new data
to be obtained, but such substitutions can often lead to decreased structural stability of the
protein [3]. Studies on mutant forms of the reaction center with reduced stability prove
difficult due to the higher denaturation rate of the purified complexes, especially when
X-ray protein crystallography is to be used, where the stability of the macromolecule under
study is one of the main factors for successful crystallization [4]. Increasing the stability of
complexes by introducing compensatory mutations that do not affect their function is one
of the possible methods to study such objects.
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Another aspect where the overall stability of the reaction center is of great importance
is the potential technological applications in the field of photo-bioelectrocatalysis. Both
isolated reaction centers and intact cells of purple bacteria are promising catalysts that
convert light energy into chemical energy in charge-separated states. Primary charge
separation and subsequent electron transfer across photosynthetic membranes occur with a
quantum yield approaching 100% [5]. However, to make photo-bioelectrochemical systems
appealing to industry, it is critical to improve the stability of their components to enable
long-term application and to develop cost-effective systems (both in terms of their assembly
and operation) [6].

In this regard, it is important to have effective approaches to improving the structural
stability of reaction centers to facilitate their basic studies and industrial applications.
Recently, the effect of various detergents and osmolytes on the thermal stability of bacterial
RC complexes has been studied [7]. Sodium cholate has been shown to have a significant
stabilizing effect on the structure of native and genetically modified RCs. However, it is not
always possible to change the storage conditions of the reaction centers due to the specifics
of the experiment or biotechnological process in which the complex is used.

H-bond networks have been shown to play an important role in the stability of
reaction centers [8]. For C. sphaeroides RC, the H-bond of the acetyl group of each of
the bacteriochlorophylls in the dimer ensures the stability of the complex at elevated
temperature and pressure [9,10]. The introduction of hydrogen bonds to stabilize the RC is
possible but has two major drawbacks: (1) The complexity of hydrogen bond interactions
in membrane complexes makes it difficult to design appropriate substitutions and predict
their influence on the RC structure; (2) There are hydrogen bonding networks located near
the electron transport cofactors of the RC, and their manipulations may affect the functional
activity of the complex.

Here we present an approach for stabilization of the photosynthetic reaction center
of Cereibacter sphaeroides, which is the formation of disulfide bonds between its α-helices.
Investigations were undertaken into the possibility of S-S bond formation at different sites
and also the effects of their introduction on the thermal stability and functional activity of
the complex.

2. Materials and Methods

2.1. Mutagenesis

A genetic system for site-directed mutagenesis consisting of the C. sphaeroides DD13
strain [11] deficient in RC and antennae systems synthesis and the pRK plasmids described
elsewhere [12] was used. Mutations were introduced into puf -operone using PCR oligonu-
cleotides via the QuikChange plasmid mutagenesis protocol as described in [13]. The
nucleotide changes were confirmed by DNA sequencing. The altered pufL and pufM genes
were transferred into a broad-host-range vector: a derivative of pRK415 that contained
a 4.2 kb EcoRI-HindIII restriction fragment and included the pufLMX genes [14]. The
resulting plasmids were introduced into C. sphaeroides strain DD13 by conjugative crossing
to produce transconjugant strains with RC-only phenotypes [11].

2.2. Bacterial Growth and Protein Samples Preparation

Growth of wild-type and mutant bacterial strains under dark, semiaerobic condi-
tions was performed as previously described [14,15]. Cells were harvested and disrupted
by ultrasonication; membranes for RC purification were then pelleted by ultracentrifu-
gation. Reaction centers were solubilized from membranes with lauryldimethylamine
oxide (LDAO) (Sigma-Aldrich, St. Louis, MO, USA) and purified using a polyhistidine
tag (6X-His) attached to the carboxy terminus of the RC M subunit [16]. The purity of the
reaction centers was estimated by absorbance spectroscopy, measuring the ratio of protein
absorbance at 280 nm to bacteriochlorophyll absorbance at 802 nm (A280/A802; [17]). If
the value of A280/A802 was less than 1.4, the RC sample was considered sufficiently
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pure for crystallization. Absorption spectra were recorded using a Shimadzu UV-1800
spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

2.3. Studies on the Properties of Reaction Centers

Pigment extraction and pigment composition analysis of RCs were performed as
previously described [18]. Thermal stability was investigated at 48 ◦C according to previous
methodology [19], with the difference that 0.1% LDAO (Sigma-Aldrich, St. Louis, MO,
USA) was used as detergent instead of 0.1% Triton X-100. The number of intact RCs in the
sample was estimated by the absorption of monomeric BChl at 804 as reported [9]. The
construction of the curves of absorption changes was carried out using the Origin software
package (OriginLab Corporation, Northampton, MA, USA). Differential (light minus dark)
absorption spectra were recorded at constant illumination with SZS-22 and KS-19 crossed
light filters using a Shimadzu UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto,
Japan).

2.4. Polyacrylamide Gel Electrophoresis

Tris/MES SDS-polyacrylamide gel electrophoresis was chosen to confirm the pres-
ence of a disulfide bond between subunits in the mutant forms of RC [20], modified
from [15]. It differs from conventional SDS polyacrylamide gel electrophoresis [21] by
the addition of a higher percentage of polymer (acrylamide), the addition of MES (2-
(N-morpholino)ethanesulfonic acid) (Sigma-Aldrich, St. Louis, MO, USA) to the buffer
solution, and urea to the gels. These method alterations afford an increase in resolution.
Otherwise, the protocol for setting up the experiment (polymerization of the gels, intro-
duction of the samples, electrophoresis, staining, and washing of the gels) does not differ
from the classical method. Comparatively mild denaturation conditions (30 ◦C, 60 min) for
protein samples were used.

2.5. Crystallization and X-ray Diffraction Analysis

Protein crystallization was performed using vapor diffusion in a hanging drop with
the addition of detergent or by in meso approach using a lipid sponge phase follow-
ing the conditions used previously [22,23]. For the mutant forms L37Cys+L99Cys and
L53Cys+L64Cys, we obtained trigonal crystals, space group P3121; for the crystals of mu-
tants L172Cys+L246Cys and M19Cys+L214Cys, space group P41212; and for the crystals of
the reaction center M84Cys+L278Cys, space group C2.

Samples of photosynthetic reaction centers suitable for crystallization were prepared
as described [14,15]. Sample purity A280/A800 was <1.4. RC solutions with a protein
concentration of 25–30 mg/mL were used.

Diffraction data for L37Cys+L99Cys, M19Cys+L214Cys, and M84Cys+L278Cys crys-
tals were collected at the ID30A-3 beamline at the European Synchrotron Radiation Fa-
cility (ESRF), Grenoble, France [24], equipped with a Pilatus 6M detector (Dectris AG,
Baden−Daettwill, Switzerland). Data collection was controlled by the MxCuBE system [25],
and the strategy was calculated by BEST [26]. Data were processed and scaled using the
XDS package [27].

Diffraction data for L53Cys+L64Cys and L172Cys+L246Cys crystals were collected
using Proteum X8 (Bruker, Billerica, MA, USA) and XtaLAB Synergy-S (Rigaku Corporation,
Tokyo, Japan) diffractometers, respectively.

Structures were solved by molecular replacement with Phaser [28], using the struc-
ture of the photosynthetic reaction center of C. sphaeroides strain RV [18] (PDB ID 3V3Y)
as a search model. Water molecules were removed from the model. The initial model
was refined using REFMAC5 [29]. Manual rebuilding of the model was performed in
Coot [30]. Data statistics are summarized in Tables 1 and 2. The figures were prepared
using PyMOL [31].
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Table 1. Data collection and processing.

L37Cys+L99Cys L53Cys+L64Cys L172Cys+L246Cys M19Cys+L214Cys M84Cys+L278Cys

Diffraction source ESRF, beamline
ID30A-3

Proteum X8
(Bruker)

XtaLAB Synergy-S
(Rigaku)

ESRF, beamline
ID30A-3

ESRF, beamline
ID30A-3

Wavelength (Å) 0.9677 1.54178 1.54178 0.9677 0.9677

Temperature (K) 100 110 120 100 100

Detector DECTRIS Eiger X
4M

PLATINUM135
CCD HyPix-6000C DECTRIS Eiger X

4M
DECTRIS Eiger X

4M

Rotation range per
image (◦) 0.15 0.5 0.5 0.05 0.1

Total rotation
range (◦) 150 180 120 50 200

Space group P3121 P3121 P41212 P41212 C2

a, b, c (Å), α, β, γ, ◦ 139.8 139.8 186.5 90
90 120

139.6 139.6 185.0 90
90 120

99.7 99.7 239.1 90
90 90

100.91 100.91 237.0
90 90 90

253.1 75.9 65.8 90.0
95.5 90.0

Resolution range
(Å)

30.00–2.60
(2.67–2.60)

30.00–2.85
(2.95–2.85)

30.00–2.30
(2.40–2.30)

30.00–2.75
(2.82–2.75)

30.00–2.60
(2.67–2.60)

Total No. of
reflections

564 510
(43 474)

283 148
(16 729)

366 770
(30 085)

115 943
(8 973)

150 052
(11 638)

No. of unique
reflections 65 303 (4 784) 49 267 (4 765) 53 136 (5 315) 32 119 (2 369) 38 037 (2 832)

Completeness (%) 99.9 (100.0) 99.7 (97.6) 97.3 (82.7) 98.1 (99.9) 98.7 (99.3)

Redundancy 8.6 (9.1) 5.7 (3.5) 6.9 (5.7) 3.6 (3.8) 3.9 (4.1)

〈I/σ(I)〉 10.13 (1.42) 5.42 (1.79) 8.26 (1.10) 7.92 (1.06) 8.15 (1.02)

Rr.i.m.‡ 17.3 (161.4) 27.1 (58.2) 11.7 (65.8) 11.9 (124.4) 9.8 (134.9)

CC1/2 99.7 (57.9) 99.6 (59.4) 96.6 (60.2) 99.6 (40.1) 99.7 (58.6)

Table 2. Structure solution and refinement.

L37Cys+L99Cys L53Cys+L64Cys L172Cys+L246Cys M19Cys+L214Cys M84Cys+L278Cys

Resolution range
(Å)

30.00–2.60
(2.64–2.60)

30.00–2.85
(2.95–2.85)

30.00–2.30
(2.40–2.30)

46.0–2.75
(2.82–2.75)

41.00–2.60
(2.67–2.60)

Completeness (%) 99.9 (100.0) 99.5 (96.1) 99.3 (99.0) 98.0 (96.0) 98.6 (99.0)

No. of reflections,
working set

65 301
(2 567)

48 500
(2 565)

44 919
(2 614)

32 091
(3 403)

38 001
(3 296)

No. of reflections,
test set

3 351
(153)

2 435
(131)

2 273
(140)

1 282
(141)

1 519
(138)

Rcryst 18.56 (25.95) 22.85 (33.77) 25.86 (26.08) 19.91 (34.63) 19.27 (40.40)

Rfree 20.74 (30.34) 27.90 (38.49) 30.82 (32.56) 27.06 (42.24) 24.93 (40.01)

R.m.s. deviations

Bonds (Å) 0.009 0.010 0.010 0.010 0.009

Angles (◦) 1.122 1.314 1.354 1.234 1.159

PDB ID 8C5X 8C6K 8C87 8C88 8C7C

3. Results

3.1. The Design and Introduction of Disulfide Bonds

Of the three protein subunits of C. sphaeroides RC, M and L, are pseudosymmetric with
respect to each other and have 5 transmembrane α-helices, whereas subunit H has only one
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transmembrane α-helix, which is mostly located outside the membrane on the cytoplasmic
side. This structural organization allows the introduction of disulfide bonds within one L
or M subunit or between them. In the wild-type reaction center, there are several natural
cysteine residues that could potentially be used for the introduction of disulfide bonds.
However, because the cysteines themselves are highly reactive amino acid residues that are
often important for the proper function of proteins [32], they were not used so as not to
interfere with their potential role in the reaction center. In addition, it has been shown that
native cysteines can be used to unidirectionally bind electrochemically active proteins to
metal electrodes [33], which could be important for the development of biooptoelectronic
materials and devices.

In our study, the rational design approach was employed. Using a high-resolution
crystal structure of C. sphaeroides RC (PDB ID 6Z1J, [23]), several positions that had good
geometric parameters were selected in anticipation of forming the intra- or inter-subunit
S-S bonds if cysteines were placed there. When designing the mutations, the following
rules were adhered to: (1) the side-chain volume of the introduced amino acids should not
be significantly different from the side-chain volume of the substituted residues; (2) the
side groups of the introduced cysteines should face each other to increase the probability of
disulfide bond formation; and (3) in the case of proximity to electron transfer cofactors, the
side groups of the substituted amino acid residues should not be turned in their direction
to avoid direct influence of the cysteines on the RC function. Another important feature of
the introduced substitutions was the depth of their immersion in the membrane.

Finally, the following mutation pairs were designed and obtained (Figure 1):

(1) V(M84)C+G(L278)C, periplasmic surface, intra-subunit S-S bond;
(2) A(L53)C+I(L64)C, periplasmic surface, inter-subunit S-S bond;
(3) A(L172)C+L(L246)C, membrane zone closer to periplasm, inter-subunit S-S bond;
(4) A(L37)C+S(L99)C, hydrophobic zone near BPheo HA, inter-subunit S-S bond;
(5) G(M19)C+T(L214)C, cytoplasmic surface, intra-subunit S-S bond.

Figure 1. Locations of cysteine substitutions in the C. sphaeroides RC complex. Pairs of mutations
within the subunit and between subunits are shown in orange and red, respectively. PA and PB are
BChls of the special pair; BA and BB are monomeric BChl; HA and HB are monomeric BPheo; QA and
QB are ubiquinones; car is a carotenoid. In this model, the tails of the cofactors are truncated.
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3.2. Confirmation of Disulfide Bond Formation by X-ray Crystallography

In our work, X-ray crystallography was used as the main tool to observe disulfide
bonds. All mutant forms were successfully crystallized, diffraction data collected, and the
structures solved. Data collection and processing statistics are shown in Table 1. Apart
from the sites of amino acid substitutions, no other significant changes were found in the
structure of the mutant RCs compared with the wild-type. The locations of amino acid
substitutions in the spatial structures of the RC mutant forms are shown in Figure 2.

Figure 2. Fragments of the 2Fo-Fc electron density maps for the crystal structures of the RC mutant
forms at the sites of amino acid substitutions: (pair 1) V(M84)C+G(L278)C mutant form, 2.6 Å resolu-
tion, 0.7 σ; (pair 2) A(L53)C+I(L64)C mutant form, 2.85 Å resolution, 2.0 σ; (pair 3) A(L172)C+L(L246)C
mutant form, 2.3 Å resolution, 2.1 σ; (pair 4) A(L37)C+S(L99)C mutant form, 2.6 Å resolution, 2.0 σ;
(pair 5) G(M19)C+T(L214)C mutant form, 2.75 Å resolution, 1.2 σ.

Figure 2 shows that in all mutant RCs, the electron density for the introduced cysteine
residues is clearly visible. It can be seen that in the cases where the mutant pairs are located
closer to the protein surface, disulfide bonds are formed between the cysteines, regardless
of the cytoplasmic or periplasmic side (pairs 1, 2, and 5). In the case where the mutant pairs
are located deeper in the membrane part of the RC (pairs 3 and 4), no bonds are observed,
and the side groups of the amino acid residues are turned away from each other.

3.3. Confirmation of the Formation of Disulfide Bonds by Polyacrylamide Gel
Electrophoresis (PAGE)

In the inter-subunit mutants V(M84)C+G(L278)C and G(M19)C+T(L214)C (pairs 1 and
5, respectively), the electron density for the S-S bonds was visible but of poor quality and
detectable only with a low cutoff. At the same time, no alternative conformations for these
cysteine residues were visible either. The reasons for this could be increased mobility of
the side groups of the amino acid residues at the interaction interface between the L and
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M subunits and/or radiation damage during the imaging process. To provide additional
confirmation of the formation of these disulfide bonds, SDS-PAGE was used.

The electrophoretic method for separating the subunits of the RC has some peculiar-
ities. The first is related to the membrane property of the protein. The bands of the RC
subunits do not migrate in a gel according to their molecular weight. The characteristic
letter designations of the subunits are not based on their actual molecular weight but on
their electrophoretic mobility in the gel. L–light (31.4 kDa), M–medium (34.5 kDa), and
H–heavy (28 kDa) subunits separate as if their molecular weights were 21, 24, and 28 kDa,
respectively [17]. This is explained by the fact that the binding of charged SDS molecules
to hydrophobic regions of membrane proteins is higher than the binding to amphiphilic
regions of globular proteins, which affects electrophoretic mobility [34].

The second feature is that the bands of the L and M subunits disappear and the
intensity of the H band increases when the RC samples are heated at 100 ◦C for two
minutes or longer in the presence of SDS and beta-mercaptoethanol [35]. In addition, the
disappearance of the bands corresponding to the L and M subunits upon heating has
been described [36]. This effect was shown to be due to the aggregation of the subunits
induced by beta-mercaptoethanol–they form high molecular weight aggregates that cannot
penetrate the gel. It was also shown that the interactions holding the LM complex together
are not disulfidic in nature.

Keeping in mind the abovementioned details, comparatively mild denaturation con-
ditions were used, with a temperature of 30 ◦C and a denaturation time of 60 min. The
results of Tris/MES SDS PAGE are shown in Figure 3.

Figure 3. Tris/MES SDS PAGE of G(М19)C+T(L214)C and V(M84)C+G(L278)C intra-subunit disulfide
mutant reaction centers. β-Mercaptoethanol (β-met) was added to the samples in lines 2, 4, 6, and 8.

In the wild-type RC, the formation of three bands corresponding to the RC subunits
is observed (lines 1, 2, 5, and 6). In the samples containing beta-mercaptoethanol (lines 2
and 6), the band boundaries are more pronounced than without the reducing agent (lines 1
and 5).

In the G(М19)C+T(L214)C mutant RC, the formation of the LM complex is observed
in the gel without beta-mercaptoethanol (line 3). Upon addition of beta-mercaptoethanol,
this complex breaks down and three bands become visible, each corresponding to one of
the RC subunits (line 4).

For the mutant form V(M84)C+G(L278)C, the same picture is obtained: in the gel
without beta-mercaptoethanol, the formation of the LM complex is observed (line 7), and
in the presence of beta-mercaptoethanol, the complex breaks down and three bands, each
corresponding to one of the RC subunits, become visible (line 8).

Summarizing the results of the electrophoresis, it can be concluded that the breakdown
of the LM complex in the mutant forms (lines 4 and 8) is due to the addition of beta-
mercaptoethanol being associated with the breaking of the disulfide bond that appeared as
a result of the cysteine pair introduction.

153



Membranes 2023, 13, 154

3.4. Pigment Content and Photochemical Properties of Mutant RCs

The wild-type reaction center contains two BPheo molecules and four BChl molecules.
The pigment composition remained unchanged in all investigated RC mutant forms ac-
cording to the performed pigment analysis.

The absorption spectra of the isolated reaction centers are shown in Figure 4.

Figure 4. Electronic ground-state absorption spectra of the wild-type C. sphaeroides reaction center
and its mutant forms. Spectra were measured at room temperature and normalized at the QY H
absorption band.

In the absorption spectrum of the isolated wild-type RC, shown in Figure 4, a long-
wavelength band of QY P with a maximum peak at 865 nm is accounted by the absorption of
bacteriochlorophyll dimer P. The QY B band with the maximum peak at 804 nm represents
an absorption of BChl monomers and also a high-energy transition in the primary electron
donor molecule. A QY H band with a maximum at 760 nm corresponds to the absorption of
bacteriopheophytin molecules. In the short wavelength region of the spectrum, the band at
599 nm reflects QX transitions in BChl molecules. At 532 nm is the QX H maximum, which
corresponds to the absorption band of BPheo molecules in active and inactive electron
transport chains. The shoulder at 500 nm is assigned to the carotenoid molecule. In the
short-wavelength region of the absorption spectrum of isolated RCs, there is a Soret band
with a maximum at 363 nm and a shoulder at the long-wavelength slope of the band at
390 nm, which reflects the absorption of all bacteriochlorins of RCs.

As can be seen from the absorption spectra shown, the introduced mutations have no
significant effect on the position and amplitude of the absorption bands of the pigments.
The only exception is the A(L172)C+L(L246)C mutant form, in the absorption spectrum
of which a short-wavelength shift of the long-wavelength maximum of the special pair
absorption band is observed. It is likely that the reason for these changes may be associated
with the location of one of the introduced cysteines (L172) in close proximity to the histidine
amino acid residue L173, which acts as a ligand for the magnesium atom of BChl PA.

In the differential spectra of the wild-type RC, light-induced formation of the state
P+QA

– causes bleaching of the QY P band at 865 nm, a short-wavelength shift of the QYB
band, and a long-wavelength shift of the QY H band (Figure 5). Similar spectral changes
were observed upon illumination of all mutant reaction centers, demonstrating effective
electron transfer from the primary donor P to the acceptor QA.
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Figure 5. Differential (light minus dark) absorption spectra of wild-type RC C. sphaeroides and
mutant reaction centers: (1) V(M84)C+G(L278)C, (2) A(L53)C+I(L64)C, (3) A(L172)C+L(L246)C,
(4) A(L37)C+S(L99)C, and (5) G(M19)C+T(L214)C. Spectra were measured at room temperature and
normalized at the QY H absorption band.

As can be seen from the differential (light minus dark) absorption spectra, the intro-
duced mutations have no significant effect on the photochemical properties of mutant RCs.
Similar to what was observed in the absorption spectra, the amplitude of the QY P band
was noticeably reduced in the RC A(L172)C+L(L246)C. As mentioned above the possible
reason for these changes may be associated with the location of one of the introduced
cysteines (L172) in close proximity to a ligand for the magnesium atom of BChl PA.

3.5. Thermostability of the Mutant RCs

Since the main goal of this research was to stabilize the RCs, the thermal stability of
the isolated mutant pigment-protein complexes was investigated (Figure 6).

Figure 6. Thermodependent changes in the long-wavelength absorption band of monomeric BChls
(at an incubation temperature of 48 ◦C).

According to the data obtained, the mutations made for the formation of intra-subunit
disulfide bridges (A(L37)C+S(L99)C, A(L172)C+L(L246)C, and A(L53)C+I(L64)C) did not
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contribute positively to the stabilization of the RC but, on the contrary, had a destabilizing
effect on the structure of the complex. However, it was observed that the mutations
between the L and M subunits (G(М19)C+T(L214)C and V(M84)C+G(L278)C) significantly
contributed to the stabilization of the RC. After 60 min of incubation, more than 50% of the
native complexes remained in the sample in the case of G(М19)C+T(L214)C and more than
40% in the case of V(M84)C+G(L278)C, which was significantly more compared to about
20% of the undenatured wild-type RCs under the same conditions.

4. Discussion

The introduction of disulfide bonds into protein molecules was previously reported
within the literature as a method to increase their overall structural stability [37–39]. A
disulfide bond formed between the thiol groups of two spatially close cysteine residues
is often important for protein folding, stability, and function [40,41]. Due to conforma-
tional entropy, native disulfide bonds stabilize the conformation of protein molecules [42],
whereas removal of native disulfides can result in decreased stability of the target pro-
tein [43]. Previous studies have shown that the proper introduction of disulfide bonds can
stabilize the flexible region of target proteins and reduce conformational entropy by fixing
the protein in a single desired conformation [44].

This approach is more commonly used with globular proteins but is also possible
with integral membrane proteins. The major developments of this method are in the
area of stabilization of G protein-coupled receptors (GCPRs), also known as seven-(pass)-
transmembrane domain receptors. For example, a double cysteine mutant of the opsin
form of rhodopsin was obtained in which the formation of a disulfide bond between the
introduced amino acid residues was observed [45], which was later confirmed by the crystal
structure [46]. The formation of the S-S bond resulted in an increase in thermal stability
and had a minor effect on the functional properties of the protein. Another example of a
GCPR whose thermal stability was improved by the introduction of a disulfide bond is the
serotonin 5-HT2C receptor [47].

To our knowledge, the possibility of stabilization of the photosynthetic reaction center
by disulfide bridges has not been previously studied. The reaction centers, unlike GCPRs,
are complexes with multiple subunits. Therefore, it was chosen to introduce mutations
both within one subunit and between two subunits.

In two intra-subunit mutant forms A(L172)C+L(L246)C and A(L37)C+S(L99)C (pairs 3
and 4, respectively), the formation of disulfide bonds did not occur. This can be attributed
to the fact that these cysteine pairs were too deeply immersed in the membrane and were
therefore inaccessible to the bacterial disulfide bond formation systems [48] that promote
the oxidation process. Considering these data and the fact that in rhodopsin, successful
S-S bond formation also occurred near the surface [46], it was confirmed that proximity
to the extramembranous part of the integral membrane protein is essential for S-S bond
formation.

In three mutant forms V(M84)C+G(L278)C, A(L53)C+I(L64)C and G(M19)C+T(L214)C
(pairs 1, 2, and 5, respectively), in which the introduced cysteines were close to the protein
surface, disulfide bonds were formed regardless of whether these amino acid residues were
on the cytoplasmic side or on the periplasmic surface. It should be noted that no specific
oxidizing agents were used during bacterial growth or protein purification to stimulate S-S
bond formation.

All inter-subunit mutant forms were less thermally stable than wild-type RCs. How-
ever, the cysteine pair L53Cys-L64Cys (pair 2), which formed a disulfide bond, had the
least destabilizing effect on the structure of the complex compared with cysteine pairs that
did not form S-S bridges.

In the case of mutant RCs with inter-subunit S-S bonds V(M84)C+G(L278)C and
G(M19)C+T(L214)C (pairs 1 and 5, respectively), both complexes exhibited increased
thermal stability compared with wild-type RCs. It is assumed that such strengthening
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of the RC structure occurs due to the strengthening of the complex at the level of the
quaternary structure of the protein.

The genetically modified reaction centers described in this work retained the ability
for photoinduced electron transfer from the primary electron donor molecule (P) to the
electron acceptor molecules (Q). This implies that the mutant RCs V(M84)C+G(L278)C and
G(M19)C+T(L214)C with enhanced thermal stability could potentially be used in photo-
bioelectrochemical systems where wild-type reaction centers are used. Examples of which
include the sunlight-driven online sensing of various toxic compounds [49] and bio-hybrid
systems that have been shown to be effective transducers of solar radiation [50,51]. Bio-
hybrids can also be used as materials for biooptoelectronics [52,53], functionally integrated
into devices [54], and used as active elements in bio-photonic energy cells [6]. Due to their
increased structural stability, the V(M84)C+G(L278)C and G(M19)C+T(L214)C mutants
could be more effective for the processes mentioned above, which is only a speculation for
now and requires further research and confirmation.

In summary, the data obtained in this work demonstrate the possibility of introducing
disulfide bonds into bacterial photosynthetic reaction centers to increase their thermal
stability without loss of functional activity. The reaction center is a representative of in-
tegral membrane proteins with an α-helical structure. This is the most common type of
transmembrane protein. In humans, for example, an estimated 27% of all proteins are
α-helical membrane proteins [55]. This class includes many other IMPs of interest to the
scientific community, where the introduction of disulfide bonds may be an effective stabi-
lization mechanism. We believe that our results may be useful for the future development
of multisubunit α-helical integral membrane protein complexes with enhanced stability.
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Abstract: Exogenous fatty acid (eFA) activation and utilization play key roles in bacterial physiology
and confer growth advantages by bypassing the need to make fatty acids for lipid synthesis. In
Gram-positive bacteria, eFA activation and utilization is generally carried out by the fatty acid kinase
(FakAB) two-component system that converts eFA to acyl phosphate, and the acyl-ACP:phosphate
transacylase (PlsX) that catalyzes the reversible conversion of acyl phosphate to acyl–acyl carrier
protein. Acyl–acyl carrier protein is a soluble format of the fatty acid that is compatible with cellular
metabolic enzymes and can feed multiple processes including the fatty acid biosynthesis pathway.
The combination of FakAB and PlsX enables the bacteria to channel eFA nutrients. These key enzymes
are peripheral membrane interfacial proteins that associate with the membrane through amphipathic
helices and hydrophobic loops. In this review, we discuss the biochemical and biophysical advances
that have established the structural features that drive FakB or PlsX association with the membrane,
and how these protein–lipid interactions contribute to enzyme catalysis.

Keywords: interfacial enzymes; fatty acid metabolism; peripheral membrane proteins; membrane
binding; mechanism

1. Introduction

1.1. Protein–Membrane Association

The bacterial cytoplasmic membrane envelopes the cell and separates the cytosol
from the extracellular environment. The cytoplasmic membrane is loaded with proteins
that functionalize the membrane for a variety of processes including energy generation,
import and export, and signaling. Bacterial membranes can be made up of as much as 50%
proteins, thus demonstrating their importance to the membrane composition [1].

Integral membrane proteins are completely embedded in the hydrophobic core of the
membrane and span the lipid bilayer. The membrane-spanning segments of these proteins
are rich in hydrophobic amino acids whose side chains interact with the hydrophobic
core and transmembrane structures and generally consist of one or multiple α-helices
or a rolled-up β-sheet (i.e., β-barrel). Hydrophilic segments on either side of the bilayer
enable integral membrane proteins to recognize and respond to soluble intracellular or
extracellular factors. Monotopic proteins are a subset of integral membrane proteins that
are permanently fixed to one leaflet of the membrane through amphipathic α-helices or
hydrophobic loops.

Lipid-anchored proteins contain covalently attached lipids or fatty acids. The hy-
drophobic segment of the lipid or fatty acid is embedded in one of the membrane leaflets
and anchors the water-soluble protein to the bilayer, whereas the polypeptide chain typi-
cally plays a negligible role in entering the bilayer. Both Gram-positive and Gram-negative
bacteria have lipoproteins with covalently attached fatty acids on their amino termini [2,3].
Bacterial lipoproteins are potent agonists that stimulate the immune system, but when the
fatty acids are hydrolyzed from the lipoprotein, the immunostimulatory property of the
deacylated protein is inactivated [4].
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1.2. Interfacial Enzymes

Peripheral membrane proteins indirectly associate with the membrane through nonco-
valent interactions with integral or lipid-anchored proteins, or directly through electrostatic
or ionic interactions with the bilayer lipid head groups. Two of the most common structural
elements that drive peripheral membrane protein association with the membrane are am-
phipathic helices and hydrophobic loops [5–8]. Interfacial enzymes whose substrates are
lipids must bind to the membrane surface to carry out their function. Interfacial enzymes
are soluble proteins that gather on a membrane surface by interfacial adsorption. This
process can have the effect of concentrating and stabilizing protein on the membrane, and
hyper-activating the enzyme to enhance its specific activity (also referred to as interfacial
activation). Interfacial adsorption is crucial for interfacial enzymes because their hydropho-
bic substrates are water-insoluble and partition into the membrane. Therefore, the enzyme
must interact with the membrane to entice the substrate into its active site. Membrane
binding induces a conformational change that makes a productive enzyme-substrate com-
plex and therefore enables extraction of the substrate from the membrane. Lipases are a
well-studied example of water-soluble enzymes that reversibly bind the membrane and
catalyze a hydrolysis reaction at the lipid–water interface [9].

Since they are soluble, interfacial enzymes are readily used to catalyze unnatural
reactions to modify hydrophobic substrates and analogs that are delivered by artificial
bilayers (i.e., liposomes and vesicles), detergents, or carrier proteins (i.e., albumin) as
surrogates for natural membranes. However, natural membranes are complex, having
diverse lipid compositions, and are integral for membrane-associated proteins that may
contribute to the overall interfacial enzyme–membrane binding event. It is unclear if
detergents or protein carrier membrane surrogates elicit the full physiological change
in interfacial enzymes that natural membranes do. Thus, caution should be used when
inferring natural membrane binding properties from studies using membrane surrogates,
particularly those with detergent or carrier proteins. Artificial bilayers are an optimal
reagent for biophysical studies of the mode of membrane binding (i.e., insertion depth,
angular orientation, electrostatic interaction).

1.3. Membrane Binding Experimental Methods

A common biophysical technique to measure lipid affinity for interfacial enzymes is surface
plasmon resonance (SPR) [10]. Lipids can be immobilized to an SPR L1 carboxydextran-coated
chip surface, and the enzyme of interest can be injected in increasing concentrations to
measure binding affinity. Interfacial enzymes adsorb to the lipid and then desorb under
denaturing conditions (i.e., sodium hydroxide wash) to reuse the immobilized lipids and
repeat the binding process at another enzyme concentration or buffer composition. Lipids
are removed from the chip using detergents to regenerate the L1 chip with a new lipid
composition and take advantage of the reversibility of the immobilization technique.

Other biophysical tools used to study lipid binding include nuclear magnetic resonance
(NMR) and electron paramagnetic resonance (EPR). EPR focuses on the interaction of an
external magnetic field with an unpaired electron spin in a molecule, while NMR focuses
on the interaction of an external magnetic field with isotopic nuclei of the individual
atom [11]. Site-directed spin labeling of amino acid side chains in EPR experiments enables
the determination of properties or protein–membrane interactions, such as the topology of
the protein with respect to the membrane, and information about local secondary structure
in the membrane and degree of membrane insertion [11,12]. In NMR, isotropic chemical
shifts and spin exchange signals are converted to torsion angles and interatomic distances,
and dipolar couplings and anisotropic chemical shifts are converted to bond orientation
restraints to provide dynamic atomic information about the location of amino acids [13].
NMR signals are sensitive to local environments and can be used to study the structure–
activity correlations of proteins in detergent micelles versus detergent-free lipids [13], the
binding events of ligand-induced conformational rearrangements, and the effect of allostery
on the equilibrium of conformational exchange [14].

161



Membranes 2023, 13, 423

Molecular dynamics (MDs) is a useful computational technique for hypothesis gener-
ation through visualization of hypothetical membrane binding. MD simulations enable
identification of possible key residues that may be responsible for tight binding and can-
didates for mutagenesis and validation of the simulations. During MD simulations, a
substantial portion of the computational resources are spent on simulating the dynamics
of lipid acyl chains, which are not expected to play a major role in interfacial adsorption.
To reduce this computational cost and shorten simulation times for higher throughput,
the acyl chains can be truncated and the empty space filled with an oil layer of fewer
atoms (“accelerated membrane models” or “highly mobile membrane mimetic”) [15]. This
method has been validated to be reliable and yields results comparable to simulations with
full acyl chains (“full membrane/full lipid”) [16] and will be a useful tool to study the
mechanisms of interfacial enzyme–membrane binding.

2. Bacterial Fatty Acid Metabolism

Bacterial fatty acid synthesis (FASII) is an essential energy-intensive process that
produces the fatty acids required for lipid synthesis and membrane biogenesis [17]. Discrete
monofunctional FASII enzymes catalyze the activation of short chain acyl-coenzyme A
(acyl-CoA) to acyl–acyl carrier protein (acyl-ACP), which undergoes successive rounds
of condensation, reduction, dehydration, and reduction to extend the acyl chain of acyl-
ACP by two carbons with each elongation cycle [18]. Fatty acids are insoluble molecules
that partition in the membrane compartment of cells and are linked to CoA and ACP for
solubility to make them compatible with the soluble FASII enzymes. Nature has evolved a
repertoire of antibiotics inhibiting different aspects of FASII, hence validating these enzymes
as potential targets for new antibiotic discovery and development [19]. FASII inhibitors
also have clinical potential, shown by novel therapeutic candidates advancing through
clinical trials, with encouraging antimicrobial efficacy [20,21]. Some bacteria can acquire
exogenous fatty acids (eFAs) from their environment and bypass the need to expend energy
for de novo synthesis of substrates for membrane biogenesis. eFA can be acquired as
free unesterified fatty acids [22] (although this form is generally in low abundance), or
extracellular lipases can hydrolyze esterified fatty acids from abundant host lipids and
liberate monomeric fatty acids [23]. eFA acquisition has gained attention as a possible
FASII inhibition resistance mechanism in the treatment of Gram-positive pathogens, with
a major focus on Staphylococcus aureus [24–26], although heterogeneity in how bacteria
eat eFA suggests the viability of FASII inhibition as an antimicrobial strategy may be
pathogen-specific [19,27]. S. aureus is a leading cause of skin infection and leading cause of
death from antibiotic-resistant infection [28], highlighting the need for new therapies in
the clinic. Studying the eFA acquisition pathway may uncover new features that can be
inhibited and yield novel compounds to enhance the efficacy of FASII inhibitors against
many Gram-positive organisms. To this end, this review will discuss advancements made
in understanding how Gram-positive bacteria eat eFA.

2.1. Bacterial Phospholipid Synthesis

Phosphatidic acid is the central intermediate of phospholipid synthesis and the most
widely distributed pathway for phospholipid synthesis in bacteria is the PlsXYC path-
way [17,29–32]. The first step is catalyzed by acyl-ACP:phosphate transacylase (PlsX),
which catalyzes the reversible conversion of acyl-ACP from FASII to acyl phosphate. The
second step is catalyzed by glycerol-phosphate acyltransferase (PlsY), which utilizes acyl
phosphate to convert glycerol-3-phosphate to lysophosphatidic acid. The third step is cat-
alyzed by 1-acyl-sn-glycerol-3-phosphate acyltransferase (PlsC), which utilizes acyl-ACP to
convert lysophosphatidic acid to phosphatidic acid. Fatty acid kinase is a two-component
system consisting of a fatty acid binding protein (FakB) that obtains eFA from the bilayer
and presents the eFA to the kinase (FakA) for phosphorylation to acyl phosphate, and then
FakB exchanges the acyl phosphate with eFA in the bilayer and the cycle repeats [33]. The
acyl phosphates made by FakAB can be used by PlsY or converted to acyl-ACP by PlsX for
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FASII modification and/or PlsC utilization (Figure 1). Thus, through PlsX, FakAB prod-
ucts can be used for both steps of phospholipid synthesis. PlsY is an integral membrane
protein with a seven-transmembrane helix fold [34], and PlsC is a monotopic integral mem-
brane protein anchored by a hydrophobic/aromatic amino-terminal two-helix motif [35]
(Figure 2). PlsX and FakB are soluble proteins that must solve the topological problem of
exchanging their insoluble substrates with the membrane, and recent studies have shed
light onto these processes. The FakAB system is a Gram-positive strategy to activate eFA
for cell metabolism, whereas Gram-negative bacteria generally use acyl-CoA and acyl-ACP
synthetases to activate eFA.

Figure 1. Channeling of exogenous fatty acids (eFA) into phospholipid synthesis. eFA enters the
cell and is activated to acyl phosphate by the FakAB two-component system. Acyl phosphate can
either be utilized by PlsY to make lysophosphatidic acid (LPA) or converted to acyl-ACP by PlsX.
Acyl-ACP can be modified through bacterial fatty acid biosynthesis (FASII) or utilized with LPA by
PlsC to make phosphatidic acid (PA). Figure created using BioRender.com.

Figure 2. Membrane proteins channel exogenous fatty acids to phospholipid synthesis in Gram-
positive bacteria. FakB, PlsY, and PlsC are monomeric proteins. PlsX is dimeric and the opposite
protomer is shown with transparency. Membrane-binding domains are shown in blue and soluble
domains are shown in orange (FakB), yellow (PlsX), or purple (PlsC). The structures shown are
Staphylococcus aureus FakB1 (PDB ID:6MH9) [16], Bacillus subtilis PlsX (PDB ID: 6A1K) [36], Aquifex
aeolicus PlsY (PDB ID: 5XJ9) [34], and Thermotoga maritima PlsC (PDB ID: 5KYM) [35]. Figure created
using BioRender.com.
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2.2. Acyl-ACP:Phosphate Transacylase (PlsX)

Immunofluorescent imaging of cell fractionation experiments using a PlsX antibody
found PlsX associated with the membrane in intact Bacillus subtilis cells, but when B.
subtilis cells were disrupted then PlsX was found in the soluble fraction [31]. Fluorescence
microscopy of B. subtilis cells expressing green fluorescent protein (GFP) fused to PlsX
showed PlsX accumulation at membrane foci during early log phase growth, followed
by uniform distribution on the membrane during later stage growth [37]. These dynamic
subcellular localization experiments implicated PlsX as a peripheral membrane protein
that can reversibly associate with the membrane.

PlsX forms a soluble dimer, and the crystal structure shows that each protomer contains
a core α/β/α sandwich resembling a Rossmann fold, and an α-helical hairpin motif that
extends away from the core domain (Figure 3A) [38]. The hairpins from each protomer,
made up of helices α-9 and α-10 connected by a loop, combine to make an amphipathic
helical bundle (Figure 3B) [39]. The loop at the tip of the hairpin contains hydrophobic
residues needed for lipid binding. PlsX co-sediments with liposomes made from B. subtilis
membranes, but loses the lipid binding property when residues in the hydrophobic loop
are mutated to glutamates [40]. Fluorescence microscopy of B. subtilis cells expressing GFP
fused to PlsX containing glutamate in the hairpin loop showed cytosolic accumulation of
PlsX, confirming this region is essential for membrane association in vivo [40]. B. subtilis
cells expressing PlsX containing glutamate in the hairpin have a growth defect, indicating
that membrane association is necessary for function in vivo [40].

Figure 3. PlsX structure and conformational changes. (A) The PlsX protomer contains an α/β/α
sandwich core domain and protruding hairpin motif made by α-helices α-9 and α-10. PlsX is colored
by secondary structure elements with teal α-helices and red β-strands and loops. (B,C) Zoomed-in
views of the tip of the hairpin motif. PlsX is dimeric and the hairpin motif of the opposite protomer
is shown with transparency. The membrane-binding segment is shown in blue and the soluble
segment is yellow. (B) The helix conformation of the hairpin motif is proposed to be the membrane-
bound conformation. (C) The loop conformation of the hairpin motif is proposed to be the cytosolic
conformation. The structures in (A,B) are from Bacillus subtilis PlsX with the hairpin tip in the helix
conformation (PDB ID: 6A1K) [36] and the structure in (C) is from Enterococcus faecalis PlsX with the
hairpin tip in the loop conformation (PDB ID: 1U7N) [39].

Direct SPR measurements of PlsX–lipid binding confirmed that PlsX binds anionic
phosphatidylglycerol with nanomolar affinity but does not bind zwitterionic phosphatidyl-
choline [41]. EPR analysis of PlsX interacting with spin-labeled lipids showed spectral
perturbation from the lipid headgroup to the center of the bilayer [41]. SPR and EPR
analysis of PlsX containing glutamate in the hairpin loop showed that the mutant PlsX
still bound phosphatidylglycerol but only elicited minimal spectral perturbation at the
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lipid head group region, suggesting only superficial membrane association [41]. These
data indicate that PlsX inserts into a membrane leaflet. PlsX was also crystallized in the
presence of a product analog (palmitoyl phosphoramide) and although the analog was
not resolved in the final structure, a new conformation of the hairpin loop was observed
(Figure 3C) [36]. In this structure, the hairpin loop adopts an amphipathic α-helix con-
formation, and introduction of polar interfacial residues to disrupt the amphipathicity
of this segment caused cytosolic accumulation of GFP-fused PlsX [36]. Mutations that
compromised membrane association from this segment also correlated with growth de-
fects [36], which agrees with a similar report [40]. These data suggest a model for PlsX
membrane binding where the hairpin loop (Figure 3C) undergoes a conformational change
at the membrane surface to become an amphipathic α-helix (Figure 3B) that inserts into the
bilayer to transfer acyl phosphate to PlsY or extract acyl phosphate from the membrane.
Additionally, the catalytic site is inferred to be located at the interface between the PlsX
protomers, but the only structures available are ligand-free. A PlsX-acyl phosphate complex
structure would validate this site, help clarify the catalytic mechanism, and determine the
effect acyl phosphate binding has on the hairpin and membrane binding. It is still unclear
if PlsX ever comes off the membrane in vivo and what steps in catalysis, if any, require
membrane disengagement. Where is the acyl-ACP binding site and how does binding this
substrate affect membrane binding? Docking calculations predict an acyl-ACP binding
site on a positively charged surface patch on the opposite side of the hairpin tip [41]. This
binding mode would enable PlsX to interact with acyl-ACP without disengaging from
the membrane bilayer; however, direct binding experiments are needed to validate this
prediction. How does acyl phosphate binding affect membrane binding? PlsX–membrane
association is sensitive to lipid unsaturation [41] and may also be sensitive to changes in the
membrane curvature elastic stress imposed by acyl phosphate in the bilayer. A combination
of SPR and EPR could be helpful in clarifying the mechanism with this granularity.

2.3. Fatty Acid Kinase (FakAB)

The FakAB system in bacteria typically consists of one FakA and multiple FakBs to
expand the spectrum of eFAs that can be utilized and establish FakB as the eFA selectivity fil-
ter. FakA forms a soluble dimer with a unique topology of a zinc finger-containing domain
flanked by an amino terminal DhaL domain and carboxy terminal DegV domain [42,43].
The FakA domains can be independently expressed and purified, but there is no evidence
that FakA is an interfacial enzyme or any of the domains contact the membrane bilayer.
S. aureus encodes two FakB genes and biochemical assays show that FakB1 selectively
binds the saturated fatty acids myristate and palmitate, and FakB2 selectivity binds the mo-
nounsaturated fatty acid oleate [33]. The Gram-positive pathogen Streptococcus pneumoniae
encodes three FakBs, and FakB3 can bind polyunsaturated fatty acid linoleate, linoleneate,
and arachidonate in a biochemical assay [44].

The available FakB crystal structures all contain bound fatty acid since ligand-free
FakB is insoluble [45]. It is unclear why ligand-free FakB is insoluble, and it could require
lipid or detergent for stability. Cell compartment localization experiments have not been
carried out with FakAB. The fatty acid length that FakB can accommodate is determined
by an amino acid ruler at the end of the hydrophobic binding pocket, whereas fatty acid
saturation selectivity arises from differences in the binding pocket shape. These differences
do not impact the protein surface, so all FakBs can still interact with FakA.

The FakB structure is monomeric and consists of an amino terminal EDD fold domain
and carboxy terminal six-stranded β-sheet flanked by α-helices that binds fatty acid at the
interface between the domains (Figure 4A) [43,45]. The crystal structure of FakB1 shows
that the fatty acid binding site is a slightly curved tunnel with an isoleucine ruler that cannot
accommodate the kink of a fatty acid with a cis-double bond [45]. The crystal structure of
FakB2 shows that phenylalanine and isoleucine side chains in the fatty acid binding site
create a sharp turn in the tunnel at the cis-9 double bond position to accommodate the kink
of monounsaturated fatty acids [46]. The crystal structure of FakB3 shows an expanded
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fatty acid binding site that can accommodate multiple kinks from the multiple cis-double
bonds in polyunsaturated fatty acids [44]. In all cases, the fatty acid binding site is covered
by a helix–loop “closed” cap made from helix α-8 surrounded by an electropositive surface
(Figure 4B).

Figure 4. FakB structure and conformational changes. (A) The FakB structure envelopes the fatty acid
(green). A cap (blue) closes the fatty acid binding site and is the membrane-binding segment. The
soluble segment is orange. Cap amino acid R173 engages the fatty acid and seals the fatty acid binding
site from bulk solvent. Amino acids W180, R205, and R209 are residues that bind or penetrate the
membrane. (B,C) Zoomed-in views of the helix–loop “closed” cap conformation that is proposed to
be the cytosolic conformation (B), and the helix–loop–helix “open” cap conformation that is proposed
to be the membrane-bound conformation (C). The structures in (A,B) are from Staphylococcus aureus
FakB1 with a “closed” cap (PDB ID: 6ALW) [45], and the structure in (C) is from Staphylococcus aureus
FakB1 with an “open” cap (PDB ID: 6MH9) [16].

Liposome sedimentation experiments show FakB1 sediments with anionic phos-
phatidylglycerol but not zwitterionic phosphatidylcholine, and SPR direct measurements
of FakB1–lipid binding measured micromolar affinity for phosphatidylglycerol and no
binding to phosphatidylcholine [16]. FakB also has micromolar affinity for FakA [46].
The crystal structure of an FakB1 mutant (A121I) captured an “open” conformation of
the cap where a portion of the loop forms a new amphipathic α-helix (helix α-8′) that
rotates away from the protein and makes a helix–loop–helix cap that exposes the fatty acid
binding site (Figure 4C) [16]. NMR analysis of FakB1 determined that the cap is dynamic
in solution and MD simulations of FakB1 with an accelerated membrane model and full
membrane/full lipid model of phosphatidylglycerol predicted that the new amphipathic
α-helix of the “open” cap inserts below the phosphate plane of the bilayer [16]. These
structural transitions are thought to create a diffusion channel for the hydrophobic fatty
acid tail to access the hydrocarbon core and place the carboxyl group at the phosphate
layer [16]. Mutagenesis of key amino acid side chains R205, R209, and W180 in the cap
region that are predicted to insert into the membrane yield enzymes that do not bind
phospholipid liposomes or catalyze the FakB1 reaction when substrate is presented in
phosphatidylglycerol liposomes [16]. Cell localization experiments could be an approach
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to determine if FakB recruits FakA to the membrane for protein–protein interactions and
catalysis at the cell membrane, or if FakB disengages from the membrane after fatty acid
binding. The FakB–membrane affinity was measured with fatty acid-bound FakB and is
log-fold weaker than PlsX. FakB disengagement from the membrane is likely needed to
interact with FakA because site-directed mutagenesis experiments on the FakB cap impli-
cate the cap in binding both the cell membrane and FakA. Coupled biochemical assays
using FakAB, PlsX, and ACP suggest FakB can deliver fatty acid to PlsX, thus bypassing
the need for a membrane [43], but the molecular mechanism of how that would work has
not been determined. If FakB does disengage from the membrane after binding fatty acid
in the “closed” cap conformation, then the acyl phosphate made by FakA could trigger the
“open” cap conformation and enhance membrane affinity (Figure 5). NMR could be useful
to compare the cap dynamics of fatty acid-bound FakB with acyl phosphate-bound FakB
to better understand how the fatty acid binding site communicates with the cap. SPR and
EPR could be used to study the impact of acyl phosphate on FakB–membrane association.

 

Figure 5. Hypothetical mechanism of FakB membrane binding. The FakB helix–loop–helix cap motif
membrane binding domain is shown in blue and the soluble domain is orange. 1: FakB with an
“open” cap scans the membrane for a fatty acid. 2: Upon binding fatty acid, the FakB cap transitions
to the “closed” conformation. 3: FakB disengages from the membrane and binds FakA while in
the “closed” cap conformation. FakA (magenta) is dimeric and the opposite protomer is shown
with transparency. 4: After catalysis, FakB disengages from FakA in the “open” cap conformation
to return to the membrane, deposit the acyl phosphate in the bilayer, and search for another fatty
acid. The structures shown are Staphylococcus aureus FakB1 with an “open” cap (PDB ID: 6MH9) [16],
Staphylococcus aureus FakB1 with a “closed” cap (PDB ID: 6ALW) [45], and Streptococcus suis FakAB2
complex (PDB ID: 7W7H) [43]. Figure created using BioRender.com.
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3. Conclusions

Interfacial enzymes play a significant role in the bacterial strategy to eat environmental
fatty acids, from their activation to making them compatible with the cell physiology
program. Converting eFA nutrients to acyl-ACP enables their theoretical utilization in other
biological processes, in addition to phospholipid synthesis such as polyketide synthesis
and lipoprotein synthesis. The work discussed in this review presents current advances
in understanding how key interfacial enzymes involved in eFA metabolism interact with
the membrane. Studying PlsX and FakB adds to the molecular mechanistic understanding
of how peripheral membrane proteins use conformational changes to precisely regulate
their activation, localization, and integration into the membrane. More studies must be
carried out to understand how these enzymes operate in their functional environment—the
membrane. A major advance would be the structure of an interfacial enzyme embedded
in the membrane. Complex visualization of an enzyme integrating with the membrane
bilayer to extract or deposit its cargo would both enhance our biological understanding
of this process and refine our computational capabilities to simulate these phenomena
more accurately.

4. Discussion

Peripheral membrane proteins are readily purified from the cytosolic fraction of cells,
which makes them suitable for detailed mechanistic studies; however, there is limited
protein–membrane structural information because the amino acid sequences of their mem-
brane binding segments are non-obvious and membrane binding studies are often omitted
from their characterizations. Bioinformatic tools and workflows have been developed
to predict the membrane-binding domains of modular proteins. These tools can be de-
ployed to generate testable hypotheses about the structural elements that drive interfacial
enzyme–membrane binding and add to this knowledgebase. There are also thousands
of protein structures in the Protein Data Bank with the annotation “unknown function”
and these tools could potentially identify peripheral membrane proteins among them.
The protocol developed by Bhardwaj et al. [47] uses a support vector machine to classify
proteins by net charge, distribution of cationic patches, and amino acid composition. This
protocol predicts membrane binders based on the expectation that electrostatic complemen-
tarity between cationic proteins and anionic membranes is a major driver of binding. In a
test set of 40 known membrane proteins and 230 non-binding proteins, the protocol was
~90% accurate in predicting membrane binding properties, and in a small sample of four
structurally related C2 domains with unknown membrane binding properties, the proto-
col correctly predicted the single membrane binder that was confirmed by SPR. Another
useful tool is the Drugging pRotein mEmbrAne Machine learning Method (DREAMM;
https://dreamm.ni4os.eu/ (accessed on 1 April 2023)), which extracts physicochemical
and biochemical information from a three-dimensional protein structure and predicts
membrane-penetrating amino acids [48,49]. In a dataset of 54 known peripheral membrane
proteins with known three-dimensional structures and experimentally known membrane-
penetrating amino acids, DREAMM correctly predicted membrane-penetrating amino
acids with a macro-averaged F1 score = 0.92 and MCC = 0.84. In an independent test set
with experimentally known protein–membrane regions, DREAMM demonstrated 91%
precision in identifying membrane-penetrating amino acids. Bioinformatics tools like these
will help advance understanding of the complexity of lipid–protein interactions at cell
membranes by enabling the major step of identification of protein–membrane interaction
sites of peripheral membrane proteins.
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Abstract: Borate transporters are membrane transport proteins that regulate intracellular borate levels.
In plants, borate is a micronutrient essential for growth but is toxic in excess, while in yeast, borate
is unnecessary for growth and borate export confers tolerance. Borate transporters share structural
homology with human bicarbonate transporters in the SLC4 family despite low sequence identity
and differences in transported solutes. Here, we characterize the S. cerevisiae borate transporter Bor1p
and examine whether key biochemical features of SLC4 transporters extend to borate transporters.
We show that borate transporters and SLC4 transporters share multiple properties, including lipid-
promoted dimerization, sensitivity to stilbene disulfonate-derived inhibitors, and a requirement for
an acidic residue at the solute binding site. We also identify several amino acids critical for Bor1p
function and show that disease-causing mutations in human SLC4A1 will eliminate in vivo function
when their homologous mutations are introduced in Bor1p. Our data help elucidate mechanistic
features of Bor1p and reveal significant functional properties shared between borate transporters and
SLC4 transporters.

Keywords: membrane transporters; protein–lipid interactions; Bor1; SLC4A1; yeast

1. Introduction

Bicarbonate transporters in the solute carrier (SLC) 4 family include electroneutral
anion exchangers and sodium-coupled cotransporters. The archetypal SLC4 anion ex-
changer is SLC4A1, also known as Band 3 or Anion Exchanger 1 (AE1). SLC4A1 is the most
abundant membrane protein in human red blood cells [1], and reversibly exchanges bicar-
bonate and chloride ions. Anion exchange can be blocked by stilbene disulfonate-derived
inhibitors, and diseases such as renal tubular acidosis, hereditary spherocytosis, and hered-
itary stomatocytosis can be caused by mutations in the membrane transport domain of
SLC4A1 [2]. Despite low sequence identity, SLC4 transporters share structural homology
with borate efflux transporters [3,4], which were first discovered in plants [5,6]. Borate is an
essential plant micronutrient that enters from the soil and participates in the formation of
borate esters that contribute to plant cell wall stability [7,8]. However, excess borate levels
are toxic to plants, and thus the regulation of borate by transporters is important for plant
viability. Borate levels are regulated partly by BOR1, a borate exporter that promotes borate
transport from roots to shoots and leaves by xylem loading [6]. BOR1 is active in A. thaliana
under limiting borate conditions, but is degraded under high borate concentrations to
avoid the accumulation of toxic borate levels in plant shoots [9]. In S. cerevisiae, borate is not
required for growth, and the function of its borate transporter Bor1p (ScBor1p) is important
for mediating resistance to toxic levels of borate [10]. Structures of borate transporters
BOR1 from A. thaliana [3], Bor1p from S. mikatae [4], and BOR3 from O. sativa [11], along
with structures of SLC4A1 [12–15], SLC4A4 [16], and SLC4A8 [17], all share the same
homodimeric assembly, in which centralized Gate domains mediate dimerization and outer
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Core domains contain the solute binding pocket between the transmembrane helices TM3
and TM10. Several of these structures occupy different states in the transport cycle, and
structural comparisons show that the Gate domains remain relatively rigid throughout the
transport cycle while the Core domains are mobile and slide to generate alternating access
for bound solutes; these observations are most consistent with an elevator mechanism of
transport [3,15,18]. The same architecture of homodimers, composed of Gate and Core
domains, has also been seen in the SLC23 orthologs UraA [19,20] and UapA [21], as well as
SLC26 proteins like prestin [22] and orthologs BicA [23] and SLC26Dg [24], showing that
the SLC4, SLC23, and SLC26 families all share a conserved fold and that insights gained
from studying one family may extend to a diverse set of membrane transport proteins.

Despite the structural similarities between borate transporters and SLC4 transporters,
one striking difference is that they differ in solute; all but one of the ten human SLC4 trans-
porters transport bicarbonate, while borate transporters instead transport borate. Thus,
it remains an open question as to what other biophysical characteristics and functional
similarities might extend from SLC4 transporters to borate transporters and vice versa. In
particular, the role lipids play in mediating multimeric assembly, whether borate trans-
porters display sensitivity to stilbene disulfonate-derived inhibitors, and structural and
mechanistic similarities between amino acids at or near the solute binding site all remain
outstanding questions. Because S. cerevisiae Bor1p can be overexpressed and purified and
has a readily observable phenotype [25], we characterized Bor1p in more detail to learn if its
similarities to human SLC4 transporters extend beyond sequence and structural homology.

2. Materials and Methods

2.1. Protein Overexpression and Purification

ScBor1p was overexpressed and purified as described previously [25]. Briefly, protein
constructs bearing C-terminal deca-histidine tags in pRS423-derived plasmids were ex-
pressed under galactose-inducible control in S. cerevisiae strain BTSY1 (MATα his3::GAL1-
GAL4 pep4 prb1-1122) [26]. Cells were lysed by bead beating, and membranes were
harvested by differential centrifugation. Following protein solubilization in 1% (w/v)
n-Dodecyl-beta-D-Maltopyranoside (DDM), protein was purified by performing nickel
affinity chromatography followed by size exclusion chromatography. Protein was injected
onto a Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated in 20 mM Mes pH
6.5, 100 mM NaCl, 2% glycerol, and 0.03% DDM. To compare size exclusion chromatograms
between wild-type and mutant ScBor1p, preparations of 1 L of cell culture were grown and
harvested under identical conditions.

2.2. Proteoliposome Reconstitution and Crosslinking Assays

Purified ScBor1p was reconstituted into lipids by adapting a protocol using preformed
vesicles permeabilized with Triton X-100 (EMD Millipore, Billerica, MA, USA) [27]. 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (PC) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1′-rac-glycerol) (PG) were each acquired suspended in chloroform (Avanti
Polar Lipids, Alabaster, AL, USA). Lipid solutions were dried to remove chloroform first
under nitrogen gas stream and then under vacuum. The dried lipid film was rehydrated at
10 mg/mL in 20 mM Mes (pH 6.5), 100 mM NaCl, and 2% glycerol by incubating at 37 ◦C
for 30 min and resuspending through pipetting. To form unilamellar vesicles, the lipid
suspension was subjected to 4 cycles of freeze–thaw, with sonication in a room-temperature
water bath for 5 min between freeze–thaw cycles. The lipids were then extruded through
a 100 nm filter with 9 passages using a Mini Extruder apparatus (Avanti Polar Lipids,
Alabaster, AL, USA). To prepare proteoliposomes, the liposomes were destabilized by
adding 0.6% (v/v) Triton X-100 and were incubated at 4 ◦C overnight under gentle nutation.
Purified ScBor1p was added to the destabilized liposomes at a 1:20 protein:lipid (w:w) ratio
and incubated for 1 h at 4 ◦C. To extract detergent, SM2 Bio-beads (Bio-Rad, Hercules, CA,
USA) were added sequentially in 2 steps. First, 50 mg SM2 Bio-beads were added and
incubated for 1 h at 4 ◦C, followed by the addition of another 50 mg of SM2 Bio-beads and
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another incubation for 1 h at 4 ◦C. The glutaraldehyde cross-linking assay was performed as
described previously [25], with cross-linking performed for 5 min at room temperature with
0.15% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in the presence
or absence of a 5 min pre-treatment of 2% (w/v) sodium dodecyl sulfate (SDS) detergent
(Sigma-Aldrich, St. Louis, MO, USA).

2.3. Genetic Plating Assay

The genetic plating assay was performed as described previously [26]. A yeast strain
(BTSY2) with a knocked out BOR1 (MATα his3::GAL1-GAL4 pep4 prb1-1122 bor1::KanMX)
was transformed with pRS423-derived plasmids that are under inducible control of the
GAL1 promoter and possess a C-terminal deca-histidine tag. Plasmids differ only by the
transporter they encode or the specified mutation they bear. Overnight cultures were grown
in media consisting of yeast nitrogen base (YNB + nitrogen), complete supplement mixture
lacking histidine, and were supplemented with adenine (CSM-His w/Ade40), with 2%
raffinose for a sugar source. Cells were diluted to an OD600 of 0.5 and then serial fivefold
dilutions were prepared and added to plates containing CSM-His w/Ade40, 2% raffinose,
0.05% galactose to induce expression, and either 0 mM, 10 mM, or 20 mM boric acid to
challenge yeast growth. 10 μL of each dilution was plated, and plates were stored at 30 ◦C
for 5 days until imaged. Images presented here are representative plates from at least three
biologically independent replicates. For the SITS and H2DIDS experiments, the protocol
was identical. However, per L of media we used 1 g monosodium glutamate instead of
5 g ammonium sulfate for a nitrogen source. Additionally, inhibitors were prepared at
50 mM in dimethyl sulfoxide (DMSO), which permitted adding up to 300 μM inhibitors
with only 0.6% DMSO present. Therefore, 0.6% DMSO was used in all other lesser inhibitor
concentrations and control conditions.

2.4. Borate Quantification Assay

The spectrophotometric assay to quantify borate from cell lysates was adapted from
a previously published protocol [28]. Yeast colonies were used to inoculate overnight
cultures, which were then seeded to an OD600 of 0.25 the following morning and allowed
to grow for 7 h until the OD600 was around 0.9. Protein expression was induced for
16 h by the addition of 2% galactose, after which cultures had 1 mM boric acid added
for 90 min. Cells were pelleted and washed with water before being pelleted a second
time, resuspended in 350 μL water, and lysed by incubating at 98 ◦C for 30 min. After a
5 min spin at 16,100× g, 300 μL of supernatant was prepared for curcumin addition per
the previously reported protocol, with the data collected using a quartz cuvette that was
washed twice with 91% isopropyl alcohol in between measurements. Standard curves were
generated from standards containing 0, 0.625, 1.25, 2.5, and 5.0 mg/L of borate. To avoid
the risk of borate entering the experiment via borosilicate glassware, no solutions in these
experiments touched glass. 95% confidence intervals were generated for n = 7 biologically
independent experiments.

2.5. Western Blot

Protein overexpression protocols were adapted from those described above, but with
the following distinctions: 50 mL yeast cultures were grown using strain BTSY1, and
after 16 h induction by 2% galactose the cells were lysed by passing once through an
Emulsiflex-B15 homogenizer (Avestin, Ottawa, ON, Canada) at 22,500 psi. Membranes
were collected by differential centrifugation and resuspended in 20 mM Tris pH 7.4, 1 mM
EDTA, 1 mM PMSF, 10% glycerol, and 300 mM NaCl. For Western blot analysis, 10 μg
total protein was loaded per lane, and proteins were transferred to a PVDF membrane
in a wet tank. The anti-His6, rabbit polyclonal primary antibody (Fisher, Waltham, MA,
USA, Cat# PIPA1983B) was incubated at 4 ◦C overnight, and the HRP-conjugated goat
anti-rabbit secondary antibody (Invitrogen, Waltham, MA, USA, Cat# 32460) was incubated
at room temperature for one hour before exposure using chemiluminescent horseradish
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peroxidase substrate to image. Total protein loading controls were imaged using Bio-Rad
stain-free gels.

3. Results and Discussion

3.1. A Dispensable N-Terminal Tail and a Conserved Functional Membrane Transport Fold

All ten transporters in the human SLC4 family are composed of an N-terminal cyto-
plasmic domain linked to a C-terminal membrane transport domain. A sequence alignment
of ScBor1p with human SLC4A1 shows just over 24% sequence identity between their
transporter domains (Figure S1). Fungal borate transporters lack the cytoplasmic domain of
SLC4 transporters, and ScBor1p instead has a ~50 amino acid N-terminal tail that differen-
tiates it from plant borate transporters, as well as human SLC4 orthologs (Figure 1A). The
structural model of ScBor1p from the AlphaFold server predicts this N-terminal region to be
composed of a long alpha helix running parallel to the membrane and preceding helix H1
(Figure 1B) [29], but any functional significance of this region is unknown. To test whether
this N-terminal region is important for function, we generated N-terminally truncated
constructs and tested them for phenotypes in a genetic plating assay. In this experiment
and those to follow, plates containing no boric acid are controls that are expected to show
equivalent growth for all samples. Only cells that express a functional borate transporter
can grow on the plates with 20 mM boric acid, while plates containing 10 mM boric acid
can identify more subtle phenotypic changes. We used the nonfunctional yeast aquaporin
AQY1 as a negative control [30]. Our results show that the N-terminal region of ScBor1p
is not essential through the first 53 residues but that truncating the first 61 amino acids
results in a total loss of ability to grow on plates containing 20 mM boric acid (Figure 1C).
A previous study in the membrane domain of human SLC4A1 showed that deleting amino
acids 381–385 results in lost transport activity [31]. Residues 381–385 in human SLC4A1
and residues 54–61 in ScBor1p overlap by one amino acid in a multiple sequence alignment
(Figure S1), and both regions encapsulate the beginning of helix H1 (Figure 1B). Our data
demonstrate that the first 53 amino acids of ScBor1p are dispensable for in vivo function,
and that borate transporters and SLC4 transporters share a conserved functional core in
which the beginning of helix H1 is important for function.
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C

BOR1(1-576)
38-576
46-576
54-576
62-576
AQY1

1         54                                                                                         576

1                                                          349       381                                                     911
SLC4A1

ScBor1p

10 mM                     20 mM
Boric acid

Membrane domain

ScBor1p
SLC4A1

B

Figure 1. An N-terminal region is dispensable for ScBor1p function. (A) Schematic showing the
domain arrangements of ScBor1p and human SLC4A1. The membrane domains are in green and blue,
respectively. SLC4A1 cytosolic ankyrin-binding domain is in gray. (B) Superposition of a cryoEM
structure of the membrane domain (blue) of human SLC4A1 (PDB ID: 8CT3) [14] and the AlphaFold
model of ScBor1p (green) rendered in PyMOL with RMSD = 2.993 Å. The dispensable region of the
N-terminal tail is tan; the region that results in no function when deleted is pink and marks the
beginning of helix H1. (C) Plasmids encoding the specified ScBor1p truncated construct or negative
control AQY1 were transformed into bor1 deletion cells and the ability of each to rescue growth was
tested by plating fivefold serial dilutions onto plates containing CSM-His selective media and the
indicated boric acid concentrations. Plates were incubated at 30 ◦C and imaged after 5 days.

3.2. Lipids Promote ScBor1p Dimerization

ScBor1p could be readily purified as described previously [25]. When solubilized
and purified in DDM, our group and others have shown that ScBor1p is almost entirely
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monomeric [25,32]. However, previous studies have determined experimental structures
of A. thaliana Bor1 and the yeast S. mikatae Bor1p (SmBor1p) in dimeric assemblies [3,4],
and SmBor1p has 89% sequence identity to ScBor1p (Figure S1). To better understand the
physical basis of ScBor1p monomer-dimer equilibrium, we prepared proteoliposomes and
performed a glutaraldehyde covalent cross-linking assay that we have previously used to
assess dimerization in detergent [25]. We tested phosphatidylcholine (PC) because it is the
most abundant glycerophospholipid in S. cerevisiae [33], and we used phosphatidylglycerol
(PG) as a control because a previous study showed that it promoted ScBor1p dimerization,
despite its typical absence in yeast membranes [32]. The PC and PG preparations each
contain identical mixed acyl fatty acid chains of 16:0 and 18:1, so the lipids differ only in
their head group identity. Our results show that PC partially shifts the sample towards
dimerization, while PG results in a more modest shift than PC (Figure 2). Controls in which
SDS was added prior to the addition of glutaraldehyde demonstrate that the dimerization
we observe is minimal in denaturing conditions.

kDa
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75

50
37

20
25

SDS: - +  - - +  - - +  -
Glut: - +  +  - +  +  - +  +  

DDM         PC           PG      

dimer

monomer

Figure 2. Cross-linking shows lipid-promoted dimerization of ScBor1p. It is indicated above each
lane whether the sample is in DDM or reconstituted with PC or PG lipid. “SDS” indicates a 5-min
pre-treatment of 2% sodium dodecyl sulfate before the addition of 0.15% glutaraldehyde for 5 min.

A previous study on ScBor1p showed that PS and PE each shift ScBor1p to just
under 50% dimer, while PC did not support dimerization [32]. There are several notable
differences between the two approaches. In the prior study, detergent-solubilized protein
had lipid added to it and then was subjected to mass spectrometry. In our study, protein was
reconstituted into proteoliposomes, detergent was removed, and dimerization was assessed
by a glutaraldehyde cross-linking assay [20,25]. The glutaraldehyde cross-linking assay
depends on the presence of primary amino groups from lysines in proximity to one another.
Phosphatidylserine (PS) and phosphatidylethanolamine (PE) each possess a primary amino
group and are therefore incompatible with a glutaraldehyde-based crosslinking assay. There
are several possible interpretations of our observed shift from PC compared to the absence
of dimer observed from PC in the former study. One interpretation is that proteoliposomes
are closer to physiological conditions than those performed in the other study, which could
explain the greater dimerization seen for PC in our experiment. Likewise, perhaps ScBor1p
assembly into PS or PE proteoliposomes would shift the equilibria further towards dimer,
but we cannot assess that due to PS and PE’s incompatibility with glutaraldehyde. A second
possibility is that no one lipid drives the equilibrium towards complete dimerization, but
that a more complex lipid mixture, like what occurs in vivo, could. Further studies will be
required to understand the relationships between lipid binding and multimerization. Our
data and the prior study are in agreement that multiple lipids can promote dimerization,
though not to more than half of the sample in tested conditions. Interestingly, experimental
structures of human SLC4A1 show lipids bind in the crevice in between Gate domains at
the dimerization interface [13,14]. Additionally, the structurally similar SLC23 homolog
UapA has been shown to display lipid-mediated dimerization [34], and the human SLC26
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protein prestin has been shown to have cholesterol bridge contacts between its dimer
interface [22]. Likewise, the fumarate transporter SLC26Dg purifies as a monomer in DDM
but is observed to show dimers in lipids [24,35], just as we observe for ScBor1p. Lipid-
mediated multimeric assembly between Gate domains may therefore be broadly conserved
among the SLC4, SLC23, and SLC26 families.

3.3. Sensitivity to Derivatives of Stilbene Disulfonate

One hallmark feature of human SLC4 transporters is the inhibition of their anion
transport by stilbene disulfonate-derived inhibitors [36,37]. If ScBor1p is a strong model
for studying SLC4 transporters, we predict that borate transporters would be inhibited by
stilbene disulfonate-derived inhibitors such as 4-acetamido-4′-isothiocyanatostilbene-2,2′-
disulfonic acid (SITS). To determine whether borate transporters can be inhibited by SITS,
we tested the sensitivity of ScBor1p and the A. thaliana Bor4 transporter (AtBOR4) to SITS
through genetic plating assays. We chose AtBOR4 both because the sensitivity of plant
borate transporters to SITS is unknown and because a prior study showed that among
all seven A. thaliana borate transporters, BOR4 shows the strongest growth phenotype
against boric acid in bor1 deletion cells [26]. Our results show that ScBor1p and AtBOR4
are each inhibited by SITS (Figure 3). Importantly, negative controls show that the highest
SITS concentration tested has no deleterious effect on growth in plates lacking boric acid,
demonstrating that SITS toxicity is specific to the cellular context in which borate transport
is necessary for survival. A plating assay with 4,4′-diisothiocyanatodihydrostilbene-2,2′-
disulfonic acid (H2DIDS) shows borate transporter sensitivity, though H2DIDS also shows
some toxicity in non-borate testing conditions. Therefore, the effect of H2DIDS on ScBor1p
is less clear (Figure S2). A previous study showed that ScBor1p could bind to a resin
conjugated to SITS [38]; here we show in vivo evidence demonstrating that both ScBor1p
and AtBOR4 are inhibited by SITS. Borate transporter similarities with SLC4 transporters
thus include sensitivity to the same small molecule inhibitors.

+DMSO (0.6%)          +100 μM SITS            +200 μM SITS            +300 μM SITS

AQY1
ScBOR1
AtBOR4

AQY1
ScBOR1
AtBOR4

-BA

+BA 

Figure 3. Borate transporters are sensitive to SITS. Plasmids encoding the specified gene were tested
against increasing concentrations of SITS in 0.6% dimethyl sulfoxide (DMSO) in the presence or
absence of 20 mM boric acid and plated on CSM-His selective media. Plates were incubated at 30 ◦C
and imaged after 5 days.

3.4. Identifying Functional Amino Acids at the Solute Binding Site

Previous studies in SLC4A1 show that the solute binding site contains a glutamate,
E681 in human numbering, that is essential for function [39–41]. An acidic residue in
this position is perfectly conserved in the SLC4 family (Figure 4A), and previous studies
have suggested that the difference between the presence of a glutamate or aspartate in
this position could influence whether the transporter is an anion exchanger or a sodium
co-transporter, respectively [16]. In borate transporters, this position is an invariant as-
partate. Previous work has shown that alanine substitutions at position D347 in ScBor1p
and the homologous D311 in AtBor1 each abolish function [3,11]. To test how more con-
servative changes to D347 might impact function, we assayed the effect of D347E and
D347N in genetic plating assays. Interestingly, we show that the D347E mutation results
in a hypomorphic phenotype, while a mutation as conservative as D347N results in no
growth (Figure 4B). Western blot analysis shows that the least conservative mutation,
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D347A, shows robust expression like the wild-type protein, and therefore a decrease in
expression cannot explain the phenotype (Figure 4C). Because we previously reported
that AtBOR1 supports no growth in yeast plated on media containing 20 mM boric acid
but can nevertheless display borate efflux activity through assaying borate quantities in
cell lysates [26], we tested whether these amino acid changes to D347 directly affected
borate efflux activity by using a spectrophotometric assay for quantifying borate [28]. Our
results show that the D347E mutation results in decreased but significant borate transport
relative to negative controls, while the D347N mutation abolishes borate transport to levels
indistinguishable from negative controls (Figure 4D). Taken together, the multiple sequence
alignment, genetic data, and borate quantification data suggest a requirement for an acidic
residue at this location in borate transporters and SLC4 transporters alike. That the most
conservative mutation tested, D347N, results in a total loss of function suggests that D347
may be involved as a proton donor/acceptor.
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Figure 4. Identification of amino acids important for Bor1p function. (A) Multiple sequence alignment
of a region of TM8 for all 10 human SLC4 transporters and ScBor1p. (B,E) Plasmids encoding the
specified ScBor1p mutant were tested against the indicated boric acid concentrations. Plates were
incubated at 30 ◦C and imaged after 5 days. (C) Western immunoblotting analysis of His-tagged
ScBor1p. (Top) Samples were analyzed with an anti-His6-tag antibody. (Bottom) Total protein
stain-free gel imaging of 12μg protein per lane served as loading controls. (D) Quantification of
borate efflux activity in yeast cells expressing each indicated protein. Intracellular borate contents are
reported as nmol per 10 mg fresh weight (FW) of yeast cells. Error bars represent 95% confidence
intervals for n = 7 biologically independent experiments. (F) View of the solute-binding site of
the ScBor1p AlphaFold model with tested amino acids in yellow. Bicarbonate is displayed from a
superposed human SLC4A1 structure (RMSD = 3.149 Å).
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Having examined D347, the amino acid most established to be critical for transport, we
next wanted to identify other proximal amino acids that might be important for the solute
binding and transport mechanism of ScBor1p. We performed alanine scanning mutagenesis
on amino acids that are conserved in borate transporters (Figure S1) and adjacent to the
cavity predicted to bind to borate and any co-transported ions. We selected hydrophilic
amino acids with the assumption that they were most likely to interact directly with a polar
solute. As controls we included N391A and Q396A, which were previously shown to result
in reduced rescue on plates with boric acid [3]. Here we identify N96A as displaying a
hypomorphic phenotype. Additionally, the Y212A substitution eliminates growth entirely,
while the more conservative Y212F mutation has no effect (Figure 4E). Western blot analysis
of membrane fractions shows that these mutants have robust expression and therefore
their phenotypes cannot be explained by reduced protein expression (Figure 4C). Our
data here identify a constellation of amino acids important for ScBor1p function. Might
any of these residues interact with solute? There is no structure of a borate transporter
bound to its solute, so we performed a superposition of a structure of bicarbonate-bound
human SCL4A1 [42] with the AlphaFold ScBor1p model (RMSD = 3.149 Å) (Figure 4F) [29].
As suspected, the bicarbonate places in the cavity formed where TM3 and TM10 meet.
Among amino acids identified in this study, Q396 and Y212 are closest to where bicarbonate
superposes. In human SLC4A1, R730 is homologous with Q396 and is observed to interact
directly with bicarbonate [42]. Interestingly, the carboxylate group of D347 is located 8.2 Å
away from the superposed bicarbonate carbon. There is room to accommodate a sodium
ion in the space between, but a previous study suggests that sodium is not coupled with
borate transport in ScBor1p [43]. That same study suggested that protons are the ion
whose favorable transport is coupled with the pumping of borate against its gradient. Our
observation of no function for the D347N suggests it is possible that D347 is involved in
proton binding.

3.5. Disease-Causing Mutations from SLC4A1 Also Eliminate ScBor1p Function

Mutations in human SLC4A1 are known to lead to several genetic disorders, including
hereditary spherocytosis and hereditary stomatocytosis [2]. Prior work has shown that
two disease-causing mutations in human SLC4A1, S762R and G796R, result in loss of
borate transport when the homologous mutations, S466R and A500R, are introduced in
AtBOR1 [11]. To test whether these same homologous disease-causing mutations impact
ScBor1p and whether additional disease-causing mutations have deleterious effects on
ScBor1p function, we tested the above two mutations, as well as an additional three amino
acid substitutions that are linked to disease in humans and are conserved in ScBor1p
(Figures 5A and S1). The aforementioned S762R and G796R are linked to hereditary
stomatocytosis [44,45], and their homologous mutations in ScBor1p are T422R and G458R,
respectively. Additionally, we identified three mutations in SLC4A1 that are linked to
hereditary spherocytosis—G455R, D705Y, and R760Q [46–48]—which have homologous
mutations in ScBor1p—G135R, D371Y, and R420Q, respectively (Figures 5A and S1). We
tested all five mutations in a genetic plating assay and show that all five mutants fail to
rescue growth on plates containing 20 mM boric acid (Figure 5B). To see what effect these
mutations have on protein expression, we subjected each mutant ScBor1p to identical
protein expression, solubilization, and purification protocols [25], and then compared their
size-exclusion chromatograms. The data show a severe decrease in protein for all mutants
(Figure 5C). Interestingly, the R420Q mutant promotes growth on the 10 mM plates but
does not express better than the other four mutant proteins. A previous study of the
SLC4A1 mutant R760Q (homologous with R420Q) showed an absence of R760Q mutant
protein detected in the red blood cell membranes of a patient bearing the R760Q mutation
in one of their alleles [48]. These data suggest that the five mutations have impacts on the
folding, stability, or trafficking of ScBor1p that could lead to lost in vivo function, though
it is possible the mutant proteins express at meaningful levels in the cell but cannot be
readily solubilized and purified in DDM detergent. Nonetheless, mutations equivalent to
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disease-causing mutations in SLC4A1 have significant deleterious effects on the in vivo
function of ScBor1p.
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Figure 5. Impacts of disease-causing mutations in human SLC4A1 transfer to ScBor1p. (A) AlphaFold
model of ScBor1p with homologous locations of disease-causing mutations in SLC4A1 in pink.
(B) Plasmids encoding the specified ScBor1p mutant were tested against the indicated boric acid con-
centrations. Plates were incubated at 30 ◦C and imaged after 5 days. (C) Superposed chromatograms
from size-exclusion chromatography performed for wild-type and mutant ScBor1p.

4. Conclusions

When borate transporters were first discovered, the sequence similarity between
them and human SLC4 transporters was noted immediately [6]. More than a decade later,
experimentally determined structures began to emerge for SLC4A1 [12–15], SLC4A4 [16],
SLC4A8 [17], AtBOR1 [3], OsBOR3 [11], and SmBor1p [4]. Although an obvious difference
exists between the solutes of these transporters—borate transporters transport borate while
all but one of the ten SLC4 transporters transport bicarbonate—the structural similarities
are striking, as all of them share the same homodimeric assembly composed of Gate and
Core domains. Our work here shows that the similarities extend beyond their sequence
and structure to include lipid-promoted dimerization, sensitivity to stilbene disulfonate-
derived inhibitors, a requirement for an acidic amino acid at the solute binding site, and
the conservation of deleterious impact from disease-causing mutations.

Studies of the one SLC4 transporter that does not transport bicarbonate, SLC4A11, re-
veal additional connections between the SLC4 family and borate transport. When SLC4A11
was first characterized it was initially proposed to transport borate [49], but this claim
proved controversial and evidence has since emerged that human SLC4A11 cannot trans-
port borate but rather is likely to transport H+/OH− [26,50–52]. A recent report, however,
shows that seawater fish use their SLC4A11 ortholog to excrete boric acid in the kidneys,
suggesting that, during the history of vertebrate evolution, either mammalian SLC4A11
lost boric acid transport activity or saltwater fish acquired boric acid transport activity [53].
Further studies are likely to establish more evolutionary, structural, and mechanistic con-
nections between borate transporters and the SLC4 family.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes13020235/s1, Figure S1: Alignment of borate transporters
with human SLC4A1; Figure S2: Sensitivity to H2DIDS.
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Abstract: Entamoeba histolytica is a protozoan parasite that is the causative agent of amoebiasis.
This parasite has caused widespread infection in India, Africa, Mexico, and Central and South
America, and results in 100,000 deaths yearly. An immune response is a body's mechanism for
eradicating and fighting against substances it sees as harmful or foreign. E. histolytica biological
membranes are considered foreign and immunogenic to the human body, thereby initiating the body's
immune responses. Understanding immune response and antigen interaction are essential for vaccine
development. Thus, this review aims to identify and understand the protein structure, function, and
interaction of the biological membrane with the immune response, which could contribute to vaccine
development. Furthermore, the current trend of vaccine development studies to combat amoebiasis
is also reviewed.

Keywords: biological membrane; structure; function; immune response; Entamoeba histolytica; vaccine

1. Introduction

Amoebiasis is a parasitic infection caused by Entamoeba histolytica and constitutes an
alarming public health concern in developing countries [1,2]. This parasite has recorded the
highest rates of infection in Central and South America, Africa, and India [2,3]. Children,
immigrants, travelers returning from endemic countries, patients with HIV, and homosex-
ual men are among the groups with the most significant risk of infection [4–6]. The most
common infection route is from ingesting contaminated food and water. Around 90% of the
infected individuals are asymptomatic, whereas the other 10% show a wide range of clinical
manifestations, such as colitis, dysentery, and extraintestinal amoebiasis [7–9]. The factors
that turn the parasite virulent in asymptomatic individuals are still uncertain; however, the
gut microbiota is considered one of the factors triggering the virulence [10]. Metronidazole
has been the drug of choice against amoebiasis for decades; however, the toxic effects of
metronidazole and recent failures in treating several intestinal protozoan parasites have
led to a search for other drugs and mechanisms to combat this parasite [11,12].

The innate and adaptive immune systems work together to eliminate this parasite
naturally. The innate immune system is the body's first defense mechanism against germs
and is non-specific. The acid in the stomach and a thick layer of mucin mucus are examples
of innate immune responses that amoebas will first encounter during the invasion [13,14].
Intrusive parasite control includes the secretion of cytokines or chemokines, the recruitment
of immune cells, such as neutrophils and macrophages, and inflammasome activation [15].
An adaptive immune response is highly specific to the antigen that induced them, and the re-
sponse is ‘remembered’ by the immune system, resulting in long-lasting protection [16,17].
Adaptive immune responses toward E. histolytica invasion include the generation of spe-
cific IgG antibodies [13,14,18]. E. histolytica biological membrane and non-membrane
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proteins are the molecules responsible for triggering immune responses. These membrane
proteins are galactose/N-acetylgalactosamine (Gal/GalNAc) lectin, cysteine proteinase,
thioredoxin, lipopeptidophosphoglycan, and protein disulfide isomerase. Meanwhile, the
non-membrane proteins include E. histolytica ubiquitin, calreticulin, E. histolytica migra-
tion inhibitory factor (EhMIF), enolase, actins, alcohol dehydrogenase, and extracellular
vesicle proteins.

As more is learned about the pathogenesis of E. histolytica infection and the host's
immune reaction, the potential for developing an effective vaccine holds promise [3,18].
Modern subunit vaccines rely on combining a highly purified antigen with an adjuvant to
increase their efficacy [4]. A successful vaccine must have the ability to induce long-term
protective immunity and should involve a simultaneous response of antibodies and T
cells [19,20]. Vaccination using native and recombinant Gal/GalNAc lectin was found
to be successful in protecting animals against intestinal and amoebic liver abscesses [18].
However, no clinical trial validates its human efficiency [18]. To the best of our knowledge,
there have been no licensed vaccines for the prevention of amoebiasis until now. Currently,
work is in progress to develop a vaccine, and recent experimental studies seem promising.

Thus, this review outlines the protein structure, function, and interaction of immune
response with the E. histolytica biological membrane and vaccine studies. The study was
conducted by reviewing research publications from Google Scholar, PubMed, and Scopus.
The keywords used were E. histolytica protein and antibody, structure, function, antigenic
proteins, immune responses, and vaccine studies.

2. Biological Membrane Proteins and Antigens

Membrane proteins contain a signal peptide and transmembrane domain [21]. The
proteins in the membrane can be divided into integral, peripheral, and lipid-anchored pro-
teins [22,23]. The integral membrane protein is permanently anchored in the phospholipid
bilayer. Meanwhile, peripheral membrane proteins are temporarily attached to a lipid
bilayer or other integral proteins. Some E. histolytica biological membrane proteins are
antigenic and were reported to induce a host immune response. These membrane proteins
and components are Gal/GalNAc lectin, cysteine proteinase, EhLPPG, thioredoxin, and
protein disulfide isomerase.

2.1. Gal/GalNAc Lectin

Researchers widely study galactose/N-acetylgalactosamine (Gal/GalNAc) lectin as
a membrane protein. It plays several roles in the pathogenicity of intestinal amoebiasis,
including adherence to the host cell, cytotoxicity, complement resistance, induction of
encystation, and generation of the cyst wall [24,25]. This protein contains a signal peptide
and transmembrane domain; thus, it can be categorized as a membrane protein. The
molecular weight of this protein is 260 kDa, and all E. histolytica strains express this protein
on their surface [26]. Structurally, this protein is a heterotrimer composed of heavy (Hgl),
intermediate (Igl), and light (Lgl) subunits [27–29]. The Hgl and Lgl are covalently attached
to each other and interact non-covalently with the Igl. The Igl, which is the intermediate
subunit, is constitutively localized at the lipid rafts; meanwhile, the heavy subunits (Hgl)
and light subunits (Lgl) are transiently associated with rafts [30]. The Hgl has lectin activity;
meanwhile, Lgl does not [28]. The intermediate subunits Igl have been shown to have
hemolytic and cytotoxic activities that reside in the C-terminus of the protein [31].

The Gal/GalNAc lectin is antigenically conserved and can be characterized as im-
munogenic [26]. It is also considered to be the starting point of the invasion of E. histolytica,
via attachment to the host mucin and colonic epithelial cells. The mucin forms high-
affinity binding with the Gal/GalNAc lectin, allows the parasite to colonize the gut, and
concurrently acts as a physical barrier [13,15].

In macrophages, E. histolytica Gal/GalNAc lectin up-regulates the expression of the
mRNA of different cytokines [15]. Furthermore, it induces the mRNA expression of pattern
recognition receptors, such as TLR-2 and TLR-4, modulated by nuclear factor NF-κB and
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the MAPK pathway [15]. The binding of Gal/GalNAc lectin to the TLR2 leads to NF-κB
activation and the release of pro-inflammatory cytokines [32]. The lectin activates the CD4
cells, natural killer T cells, and CD8 T cells, enhancing protective cellular immunity [32].

The CD4 T cells secrete IL-13, IFN-γ, IL-4, and IL-5. Meanwhile, the CD8 T cells secrete
the IL-17 cytokines. This IL-17 will induce the infiltration of neutrophils and enhance the
secretion of antimicrobial peptides, mucin, and IgA into the colonic lumen [32].

Gal/GalNAc lectin and its components are widely used in vaccine development.
Vaccines are biological products that elicit an immune response to a specific antigen,
derived from an infectious disease-causing pathogen. Abhyankar et al. (2017) [4] evaluated
the nanoliposome adjuvant system in triggering a strong mucosal immune response to
the Gal/GalNAc lectin Lec A antigen of E. histolytica by immunizing mice with synthetic
TLR agonists—alum, emulsion, or liposome formulations. Their results showed that the
formulation of liposomes containing TLR4 and TLR7/8 agonists could generate intestinal
IgA, plasma IgG2a/IgG1, IFN-γ, and IL-17A. This finding suggested that the nanoliposome
delivery system, combined with TLR agonists, was promising for vaccine development
against enteric pathogens.

In a subsequent study, Abhyankar et al. (2018) [33] formulated a stable PEGylated lipo-
somal adjuvant containing synthetic GLA (TLR4) and 3M-052 (TLR7/8) ligands, which they
administered intranasally to mice along with the Lec A antigen. According to their findings,
the liposome containing both GLA and 3M-052 could elicit the secretion of Lec A-specific
fecal IgA and Th1 immune responses. In addition, they conducted studies that modified
the liposomal formulation at the PEG length. The optimized liposome increased the murine
models' fecal IgA, serum IgG2a, systemic IFN-γ, and IL-17A levels. Furthermore, the
adjuvant's improved formulation could reduce parasite antigens in the colon by more than
80%, which helped to protect against disease. The dose and excipient composition of each
vaccine formulation component was optimized using the statistical design of experiment
(DOE) and desirability approach, according to recent studies by Abhyankar et al. (2021) [1].
The optimization was conducted to maximize the desired characteristics while maintaining
the physicochemical stability of the vaccine. This method has allowed for identifying the
GLA and 3M-052 compositions, which exhibit high durability and protective immunity in
the mouse model.

In a study conducted by Martinez-Hernandez et al. (2017; 2021) [34,35], the newly
developed recombinant chimeric vaccine (PEΔIII-LC3-KDEL3) produced from the LC3 frag-
ment of E. histolytica, domains I and II of Pseudomonas aeruginosa, and the carboxy-terminal
signal KDEL3 in Pichia pastoris has potential as an immunogen and showed the inhibition
of the adherence of trophozoites to the HepG2 cell monolayer in a hamster model. Fur-
thermore, the vaccine protects against liver tissue damage and uncontrolled inflammation.
Meneses-Ruiz et al. (2011; 2015) [36,37] demonstrated oral and intramuscular immunization
using the Autographa californica baculovirus; expressing the E. histolytica Gal/GalNAc lectin
LC3 fragment (AcNPV-LC3) could help to protect against ALA development in hamsters.

Next, the 150-kDa intermediate subunit (Igl) of the Gal/GalNAc lectin is gaining
more attention in numerous studies and has been shown to have hemolytic activity [38].
Min et al. (2016) [39] studied the effect of immunization with recombinant Igl on amoebic
liver abscess (ALA) formation. Their findings showed that recombinant Igl, particularly the
C-terminal fragment, represents a promising vaccine against amoebiasis. It produced a sig-
nificant humoral immune response with high antibodies, inhibiting 80% of the trophozoites’
adherence to mammalian cells and inducing the complement-mediated lysis of 80% of the
trophozoites. Thus, the result shows that this subunit should be considered in vaccine
development. The predicted protein structure of Gal/GalNAc lectin Igl1 can be found in
Figure 1.
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Figure 1. Predicted protein structure of Gal/GalNAc lectin Igl1 [40,41] (https://www.uniprot.org/
uniprotkb/Q964D2/entry, accessed on 25 October 2022).

2.2. Cysteine Proteinase

Cysteine proteinases are virulence factors in E. histolytica; some of them were predicted
to have transmembrane and glycosylphosphatidylinositol anchor attachment domains.
Thus, they can be classified as membrane proteins [42,43]. This cysteine proteinase has
several types; for example, EhCP1 and EhCP4 were found to colonize the large cytoplasmic
vesicles that differ from the sites of other proteinases [43,44]. Fifty genes encode cysteine
proteinases; ehcp-a4 is the gene that is most up-regulated during the invasion and colo-
nization of E. histolytica in the mouse cecal model [43]. Furthermore, the protein plays a
role in tissue invasion by disrupting the colonic epithelial barrier, disrupting host defenses,
and digesting extracellular matrix components such as immunoglobulins, complement,
and cytokines [43–45]. Furthermore, cysteine proteinases also form a complex heterodimer
protein (EhCPADH) by a combination of E. histolytica cysteine protease (EhCP112) and
adhesin (EhADH), which is involved in the cytopathic mechanism and virulence of the
parasite [46,47]. The EhCP112 alone can be inhibited by thiol inhibitors, such as E-64, TLCK,
and chymostatin [47].

Meanwhile, a recombinant EhCP4 can be inhibited by a vinyl sulfone inhibitor,
WRR605 [44]. The inhibition of EhCP4 reduced the parasite burden and inflammation in
the mouse cecal model [44]. Cysteine proteinase 5 (EhCP5) was reported as a virulence
factor in live E. histolytica that elicits a fast release of mucin [48].

The pro-mature cysteine proteinase 5 (PCP5) that was usually secreted or found on
the surface of the amoeba stimulated NF-κB-mediated pro-inflammatory responses by the
binding of the RGD motif to the αVβ3 integrin on Caco-2 colonic cells [49]. The predicted
protein structure of cysteine proteinase 5 and its model confidence can be found in Figure 2.

2.3. Entamoeba Histolytica Lipopeptidophosphoglycan (EhLPPG)

E. histolytica lipopeptidophosphoglycan (EhLPPG) is one of the virulence factors of
E. histolytica; this macromolecule can promote tissue invasion by causing inflammatory
damage to the host cells. It can be found on the E. histolytica membrane [51]. This molecule
consists of 85% carbohydrate, 8% peptide, 2.5% lipid, and 1% phosphate [52] Moody et al.
(1997) [53] and Wong-Baeza (2010) [52] reported the under-expression of LPPG and LPG
in the non-virulent strain of E. histolytica, compared to the virulent strain. No LPG, and
a modified version of LPPG, were found in the low-virulence Rahman strain and the
non-pathogenic Entamoeba dispar, respectively. Thus, it can be inferred that the protein
expression of LPPG and LPG influenced the virulence of the Entamoeba species.
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Figure 2. Predicted protein structure of cysteine proteinase 5 [41,49,50] (https://www.uniprot.org/
uniprotkb/Q06FF8/entry, accessed on 25 October 2022).

In the E. histolytica immune responses, the interaction of EhLPPG with TLR2 and TLR4
resulted in the activation of NF-κB and the release of IL-10, IL-12p40, TNF-α, and IL-8
from human monocytes [54]. Furthermore, the purified phosphoinositol moiety of EhLPPG
is capable of inducing IFN-γ production [51]. In particular, a diacylated PI, (1-O-[(28:0)-
lyso-glycero-3-phosphatidyl-]2-O-(C16:0)-Ins) is a primary component of EhLPPG that is
responsible for the activation of natural killer T cells [51].

In addition, the activation of dendritic cells by LPPG increased the expression of co-
stimulatory molecules CD80, CD86, and CD40. Besides this, it produces pro-inflammatory
cytokines, such as TNF-α, IL-8, and IL-12 [55]. This molecule can also induce antibody
production and the formation of in vitro neutrophil extracellular traps (NET) [52,56].

2.4. Protein Disulfide Isomerase

Protein disulfide isomerase (PDI) is one of the antigenic membrane proteins found
in E. histolytica [57]. The predicted protein disulfide isomerase structure and its model
confidence can be found in Figure 3. This protein is classified as a membrane protein as it
contains a transmembrane and signal peptide, as indicated by the Uniprot database and
in studies reported by Azmi and Othman in 2020 [21]. It was also up-regulated in the
membrane fractions [21]. Structurally, PDIs share a common feature associated with at least
one active thioredoxin-like domain [58]. The predicted size of the protein is 41.73 kDa, with
a length of 368 aa. The functions of this protein are to catalyze the oxidation, reduction,
and isomerization of disulfide bonds in polypeptide substrates [59,60]. Furthermore, it also
exhibits chaperone-like activity and can be inhibited by bacitracin [60]. The recombinant
type of EhPDI shows the specific properties of PDI enzymes, such as performing oxidase
and reductase activities [59]. This protein also participates in the cellular mechanism
related to protein homeostasis [61]. For example, during stressful conditions, this enzyme
is involved in holding, refolding, and degrading unfolded or misfolded proteins [58]. It
also helps to protect heat-labile enzymes against thermal inactivation [58].

Mares et al. (2015) [58] used the PDI model of 38 kDa polypeptide with two ac-
tive thioredoxin-like domains to study protein folding and disulfide bond formation in
E. histolytica. Their studies revealed a significant difference in the functional role of each
thioredoxin-like domain. Thus, their study indirectly indicated that the amount or type of
thioredoxin domain might influence the PDI functions.

Next, this protein was classified as antigenic by Kumarasamy et al. (2020), as this
protein was recognized by sera from patients with an amoebic liver abscess [57]. However,
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no other study of immune response interaction with this E. histolytica protein could be
found. Only a study of protein disulfide isomerases from other organisms was reported.
One example was the immunization of BALB/c mice, with Leishmania donovani protein
disulfide isomerase (LdPDI) as a DNA vaccine that elicited protective immunity against
visceral leishmaniasis through the production of two pro-inflammatory cytokines, CD8
and CD4 (Th1 and Th17) [62]. Despite the lack of study on this protein, it merits further
investigation as a drug target for anti-amoebic therapy and as a vaccine candidate.

 
Figure 3. Predicted protein structure of protein disulfide isomerase [41,62,63] (https://www.uniprot.
org/uniprotkb/A0A5K1UZD0/entry, accessed on 25 October 2022).

2.5. Thioredoxin

Thioredoxin is an antigenic protein that has been found in the E. histolytica membrane
(Figure 4) [57]. Structurally, it contains a Toll/IL-1R/Resistance (TIR)-like domain and is
predicted to have a signal peptide [64]. This protein is associated with thioredoxin reduc-
tase, forming the thioredoxin system. The two work together and play essential roles in
E. histolytica. Thioredoxin is also one of the proteins that form an adduct with metronidazole
metabolites and other proteins: thioredoxin reductase, superoxide dismutase, purine nucle-
oside phosphorylase, and a previously unknown protein [65]. Thioredoxin is crucial as it
has various functions: acting as an antioxidative defense, modulating the intracellular and
extracellular signaling pathways, cell growth, regulating DNA synthesis and transcription
factor, modulating the immune response, apoptosis, and involvement in post-translational
redox modifications on the target protein [57,66,67]. The silence of thioredoxin transcripts
decreased the phagocytosis of erythrocytes and Escherichia coli [64]. The roles it fulfills
make it suitable for use as a drug target or vaccine candidate, although no human immune
response study was reported. Further study is suggested to elucidate its immune response
interactions and potential as a vaccine candidate.
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Figure 4. Predicted protein structure of thioredoxin (putative) [41,65,68] https://www.uniprot.org/
uniprotkb/S0AYD1/entry, accessed on 25 October 2022.

3. Non-Membrane Protein

Non-membrane proteins have been found in other parts of E. histolytica, such as the
cytoplasm and nucleus. It does not contain a signal peptide or transmembrane domain
and thus excluded as a membrane protein. However, recent findings indicated that the
E. histolytica cytosolic proteins were present in the membrane fraction and a few of them
were antigenic [21,57]. Non-membrane proteins also contribute to initiating host immune
responses. These proteins are ubiquitin, calreticulin, E. histolytica migration inhibitory
factor (EhMIF), actin, alcohol dehydrogenase, enolase, and extracellular vesicles.

3.1. Entamoeba Histolytica Ubiquitin (Ehub)

Ubiquitin is one of the proteins found in E. histolytica and can trigger immune re-
sponses to produce antibodies. It is also immunogenic and antigenic [69]. According to the
UniProt database, this protein can be found in the cytoplasm and nucleus of the parasite.
The ubiquitin structure consists of protein moieties and glycosylated structures [69]. The se-
quence of E. histolytica ubiquitin amino acids, as deduced from a cDNA nucleotide sequence,
was found to deviate by six positions from the consensus of all other known ubiquitins,
the sources of which range from Trypanosoma cruzi to Homo sapiens [70]. Furthermore, the
ubiquitin is also usually associated with the proteasome forming the ubiquitin-proteasome
system, which is important for numerous cellular processes and for maintaining parasite
homeostasis [69,71]. This ubiquitin-proteasome pathway presents a viable therapeutic
target [72].

Infection with E. histolytica in humans induces strong IgG antibodies toward ubiqui-
tin [69]. Human antibodies can recognize ubiquitin’s protein moieties and glycosylated
structure [70]. Notably, the ubiquitin’s glycan moieties are immunodominant and induce
IgG. Furthermore, antibodies to the ubiquitin Ehub are induced exclusively in patients
with invasive amoebiasis and mainly to glycoprotein [73]. It indicates that glycan is im-
munodominant and could be a potential target for diagnostic tests, drugs, and vaccines to
combat parasitic diseases [69,73].

3.2. Calreticulin

Calreticulin (CRT) and its model confidence, as shown in Figure 5, is one of the im-
munogenic proteins in E. histolytica that is localized in the endoplasmic reticulum [74,75].
It can also be found in the membrane fraction [74,75]. It is essential for regulating crit-
ical cellular functions, such as migration, apoptotic cell phagocytosis, and cytotoxic T
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lymphocyte- or natural killer T cell-mediated lysis [76]. It is also crucial in properly folding
and transporting the protein through the endoplasmic reticulum [76]. CRT also interacts
with human C1q and inhibits the activation of the classical complement pathway [77]. Both
can be observed in the CRT of E. histolytica and E. dispar [77]. Furthermore, a higher level of
CRT expression in the in-situ lesions of amoebic liver abscess (ALA) in the hamster model
was found in E. histolytica compared to E. dispar. Additionally, CRT plays an important role
in the early stages of the host-parasite relationship, in which the parasite needs to adapt to
a new environment [74].

 
Figure 5. Predicted protein structure of calreticulin [41,75,78] (https://www.uniprot.org/uniprotkb/
C4M296/entry, accessed on 25 October 2022).

EhCRT is also an excellent immunogen for activating specific peripheral blood mononu-
clear cells (PBMC) [75]. PBMCs are a variety of immune cells, such as lymphocytes, mono-
cytes, and dendritic cells, that works together to protect humans from harmful pathogens.
EhCRT helps determine the immune response by inducing the differential expression of
Ils, depending on the outcome of the disease. For example, patients with an amoebic liver
abscess (ALA) during its acute phase (AP-ALA) show a Th2 cytokine profile; meanwhile,
patients with amoebic liver abscess (ALA) during the resolution phase (R-ALA) show a Th1
cytokine profile [75]. In patients with AP-ALA, a higher level of the interleukins IL-6 and
IL-10, granulocyte colony-stimulating factor (GCSF), and transforming growth factor β1
(TGFβ1)] were also observed. In contrast, higher levels of IFN-γ were detected in patients
with R-ALA [75].

3.3. Entamoeba Histolytica Migration Inhibitory Factor (EhMIF)

The E. histolytica migration inhibitory factor (EhMIF) is a 12-kDa protein localized
to the cytoplasm of trophozoites [79]. Figure 6 depict the predicted protein structure of
the migration inhibitory factor and its model confidence. It is a homolog of the human
cytokine MIF [80]. This cytokine is one of the virulence factors linked to severe disease
and is secreted by several medically important protozoan parasites, such as Plasmodium,
Entamoeba, Toxoplasma, and Leishmania [81]. Structurally, EhMIF lacks signal peptides [80].
Antibodies toward EhMIF were found in the sera of children living in an area where the E.
histolytica infection was endemic [79].

EhMIF interacts with the MIF receptor CD74 and binds to macrophages [79]. EhMIF
induces IL-6 production and can also enhance TNF-α secretion. There are two ways of
improving the secretion of TNF-α by inhibiting the glucocorticoid-mediated suppression
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of TNF-α secretion and by amplifying TNF-α production via lipopolysaccharide (LPS)-
stimulated macrophages [79].

Ngobeni et al. (2017) [80] reported that mice infected with parasites overexpressing
EhMIF increased chemokine expression, the neutrophil influx, and mucosal damage. In
contrast, blocking the EhMIF gene decreased chemokine expression and reduced neutrophil
infiltration. Furthermore, a combination of antiparasite MIF-blocking antibodies and
metronidazole significantly reduced intestinal inflammation and tissue damage in mice [81].

In addition, Ghosh et al. (2018) [82] identified the EhJAB 1 protein as a potential
binding partner and an EhMIF positive-negative regulator. The binding of EhJAB1 to
EhMIF blocked the production of IL-8 by the human epithelial cells.

 
Figure 6. Predicted protein structure of migration inhibitory factor (EhMIF) [41,80,83] (https://www.
uniprot.org/uniprotkb/A0A5K1URL6/entry, accessed on 25 October 2022).

3.4. Extracellular Vesicles

The extracellular vesicle (EV) is a heterogeneous, membrane-limited structure se-
creted by prokaryotic and eukaryotic cells to transport lipids, proteins, and nucleic acids
to the external environment [84]. They play essential roles in cellular communication,
information transfer through cargo, and modulating the host’s immune system [85]. Fur-
thermore, virulence factors and effector molecules can be transferred using EV to the host.
In E. histolytica, the secretion of EV influences encystation efficiency [84,86]. Moreover,
Nievas et al. (2020) [86] suggested using EVs in vaccine studies as it has more stable
conformational conditions, has the ability to circulate in bodily fluids, and uses the body's
natural mechanism for transporting antigens between cells. However, thus far, no study of
immune response interaction with this protein has been reported.

3.5. Enolase

E. histolytica enolase (EhENO) is one of the proteins found in the nucleus and cytoplasm
of E. histolytica [87]. The single copy of the E. histolytica enolase gene (Ehenl-1), is located on
the 1.6 Mb chromosome [88]. This protein is also predicted to have a TATA box function, as
the sequence TATAAG, at −31, interacts with nuclear proteins [88]. The crystal structure
EhENO manifests as an asymmetric dimer with one active site in the open conformation
and the other active site in the closed conformation [89]. Both of the active sites also
contain a 2-PGA molecule [89]. It catalyzes the conversion of 2-phosphoglycerate (2-PG) to
phosphoenolpyruvate (PEP), which is a part of the pathway by which E. histolytica obtains
its energy [87]. It also acts as an inhibitor of DNA methyltransferase 2 (Dnmt2) [87].
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In studies by Kumarasamy et al. (2020) [57] this protein was found in the membrane
fraction and was reported to be antigenic since it could be recognized by the sera of patients
with amoebic liver abscesses. However, no study of human immune response interaction
with this E. histolytica protein has been reported. There are only studies of enolase from
different organisms to be found. In a study by Xue et al. (2021) [90] mice and piglets
were immunized using recombinant Mycoplasma suis alpha-enolase (rMseno). In mice,
immunizations with rMseno caused increased levels of IFN-γ and IL-4 cytokines and
increased the T lymphocyte proliferation index [90]. Meanwhile, in piglets, the results
showed an increased level of specific IgG1, IgG2a, CD4, and CD8 cells [90]. A study
by Téllez-Martínez et al. (2019) [91] demonstrated that BALB/c mice, immunized with
enolase-based vaccine and Montanide PetGel A (PGA) as an adjuvant, demonstrated
a strong specific Th1 response and protective immunity against Sporothrix schenckii. In
addition, the oral delivery of Bacillus subtilis spores expressing the enolase of Clonorchis
sinensis resulted in increased specific IgM levels in sera, intestine mucus, and skin mucus
in grass carps (Ctenopharyngodon idellus) [92]. From all the studies conducted, it can be
concluded that enolase has the potential to be used as a vaccine candidate and therapeutic
target, as previous studies from other organisms have demonstrated promising results. The
protein structure of enolase 1, the N-terminal domain, and C-terminal Tim Barrel domain
can be found in Figure 7.

 

Figure 7. Figure showing two copies of enolase 1, N-terminal domain and C-terminal do-
main, respectively [89,91–95] (https://www.ebi.ac.uk/pdbe/entry/pdb/3qtp/analysis, accessed on
25 October 2022).

3.6. Actin

As shown in Figure 8, actin is one of the most conserved, abundant, and ubiquitous
proteins in all eukaryotes [96]. E. histolytica has a single actin protein, the structure of
which differs significantly from human homologs. E. histolytica actin was reported to be
antigenic and has been predicted as a suitable vaccine candidate [57,97]. It is localized in
the cytoplasm and membrane of E. histolytica [57]. Structurally, E. histolytica actin contains
glycine residue (Gly2) at position 2 [96]. This Gly2 is not found in most other eukaryotic
actins. Still, it is crucial for cell morphology and division, host invasion in an in vitro model
of human amoebic infection, and parasite-host cell adhesion [96]. Actin is an essential
protein in many cellular processes, including directing the process of phagocytosis [98].

Several drug treatments have indirectly targeted actin, such as Adenophyllum auran-
tium extract, linearolactone, and kaempferol, which affects the structuration of the actin
cytoskeleton [99,100]. However, until now, no immune response study has been reported
regarding its interaction with E. histolytica actin.
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A vaccine study from Li et al. (2011) reported using a DNA vaccine encoding Toxo-
plasma gondii actin against BALB/c mice [101]. Their study reported a high titer of specific
antibodies and increased CD4 and CD8 T percentages, which showed that the actin could
generate specific humoral and cellular immune responses [101]. Thus, we postulate that the
actin from E. histolytica could have the same potential results as other parasites, inducing
an immune response.

 
Figure 8. Predicted protein structure of actin [41,99,102] (https://www.uniprot.org/uniprotkb/P114
26/entry, accessed on 25 October 2022).

3.7. Alcohol Dehydrogenase (ADH)

Alcohol dehydrogenase (ADH) is one of the enzymes in the cytoplasm of E. histolytica.
It has various isoforms, but the most reported ones are alcohol dehydrogenase 2 (ADH2)
and alcohol dehydrogenase 3 (Figure 9). E. histolytica alcohol dehydrogenase 3 (EhADH3)
was reported to be antigenic in a study by Kumarasamy et al. (2020) [57], as it could be
recognized by the sera of patients with amoebic liver abscesses. Some EhADH3 have been
found to localize at the surface of E. histolytica [103]. This enzyme was also expressed
at higher levels in non-pathogenic than in pathogenic amoebae [104]. The overexpres-
sion or silence of ehadh3bb using transfectant was found to have no or little effect on the
parasite growth, size, erythrophagocytosis, motility, and hemolytic or cysteine peptidase
activity [104].

Another alcohol dehydrogenase, E. histolytica alcohol dehydrogenase 2, called EhADH2,
is a bifunctional enzyme that is essential for growth and survival [105–107]. It is called bi-
functional because it also has aldehyde dehydrogenase (ALDH) and alcohol dehydrogenase
(ADH) activities [105]. The cofactor of this enzyme, EhADH2, is Fe2+ [108]. Furthermore,
EhADH2 is similar to other protist and bacterial bifunctional enzymes, as suggested by the
phylogenetic tools [106]. This enzyme plays a role in catalyzing the conversion of acetyl
CoA to acetaldehyde and the final reduction of acetaldehyde to ethanol [106,107,109]. It
was also suggested by Adeoti et al. (2021) [97] as a vaccine candidate, based on bioinfor-
matic analyses using GEPTOP CELLO NCBI. Other studies also presented it as a target for
anti-amoebic inhibitors and the substrate and cofactor (NADH, Fe) binding sites could act
as the inhibition targets [106]. Several studies reported that the enzymes could be inhib-
ited by cyclopropyl (CPC) and cyclobutyl (CBC) carbinols, laboratory-tested pyrazoline
derivatives, and S-nitroso-glutathione [106,110,111].

In addition, only an immune response study related to alcohol dehydrogenase was
found that was not associated with E. histolytica but instead with Drosophila. Their experi-
mental results showed that alcohol dehydrogenase played no role in the Drosophila immune

194



Membranes 2022, 12, 1079

response [112]. Thus, this protein has an equal chance of success or is not being used as a
vaccine candidate.

 
Figure 9. Predicted protein structure of alcohol dehydrogenase 3 [41,107,113] (https://www.uniprot.
org/uniprotkb/Q24857/entry, accessed on 25 October 2022).

4. Docking of Membrane Protein and Vaccine Development

The vaccine development of E. histolytica in studies is limited to Gal/GalNAc lectin
and its components. To our knowledge, no other membrane or non-membrane proteins
have been utilized as vaccine candidates. Table 1 summarizes the immune response
interaction of biological membrane and non-membrane E. histolytica proteins and the
various vaccination studies.

Table 1. Summary of the immune response interaction of biological membrane and non-membrane E.
histolytica and their vaccination studies.

Protein Types of Molecule Antibody Interaction Study
Signal Peptide/

Transmembrane
Domain

Used in
Vaccine
Studies

References

Gal/GalNAc lectin Membrane protein IgA Signal peptide Yes [13,15,32]

Cysteine proteinases Membrane protein Antigenic Putative,
transmembrane No [48,49]

Lipopeptidophosphoglycan (LPPG) Macromolecule The antibody involved was
not specified Signal peptide No [51,52,54–56]

Protein disulfide isomerase (PDI) Membrane protein Antigenic Signal peptide No [57]
Thioredoxin Membrane protein Antigenic Signal peptide No [57]
E. histolytica Ubiquitin (Ehub) Cytosolic protein IgG - No [69]
E. histolytica migration inhibitory
factor (EhMIF) Cytosolic protein The antibody involved was

not specified - No [79–81]

Enolase Cytosolic protein Antigenic - No [57]
Actin Cytosolic protein Antigenic - No [57]
Alcohol dehydrogenase (ADH) Cytosolic protein Antigenic - No [57]
Calreticulin (CRT) Cytosolic protein Antigenic - No [75–77]

Extracellular vesicles (EVs) Macromolecule Modulates the immune
system - No [86]

Docking studies elucidate how two or more molecular structures fit together to form a
stable complex. It has become an important drug discovery tool and has been used for over
three decades [114,115]. It is one of the most commonly used virtual screening methods,
especially when the target protein's three-dimensional (3D) structure is available [114].
Aside from that, it is one of the efforts made to shorten the research timeline and reduce
costs by reducing wet-laboratory experiments.
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Generally, the docking of membrane proteins for vaccination involves five key stages:
(1) the selection and antigenic evaluation of proteins, (2) the prediction of B-cell epitopes
and T-cell epitopes, (3) the non-allergenicity and non-toxicity prediction of selected T-cell
epitopes, (4) structural modeling and molecular docking, and finally, (5) an evaluation of
the docking results [97,116]. The selection of proteins was conducted by prioritizing these
criteria in terms of the reported antigenicity, virulence, and proteins related to the adhesion
mechanisms [97]. Different databases were used, such as PATRIC3.5.16, T TMHMM v2.0,
and VaxiJen V2.0. The PATRIC3.5.16 database was used to investigate the role of virulence
proteins, while TMHMM v2.0 was used to predict transmembrane (TM) helixes, and
VaxiJen V2.0 served to predict antigenic properties [97,116].

The second stage is the prediction of T-cell and B-cell epitopes. Identification of the
MHC-I binding epitopes can be obtained using the NetMHC 4.0 server or the Propred-1
server; meanwhile, for MHC-II binding epitopes, the servers that can be used are NetMHCII
2.3 server or the Propred tool [97,116]. A server named the immune-epitope database
(IEDB), which is an analysis resource, can be utilized for B-cell epitope prediction [116].
B-cell epitope prediction identifies potential antigens interacting with the B lymphocytes
and initiating an immune response. The identification and selection of the B-cell epi-
tope were conducted by referring to antigenicity, linear epitope prediction, hydrophilicity,
surface accessibility, and flexibility [116].

Next, the allergenicity and toxicity of T-cell epitopes can be predicted using the
AllerCatPro server and the toxpred tool, respectively. The 3D structure modeling of protein
interest can be obtained from Uniprot/PDB/ProsA. The T-cell epitopes of MHC class-I
peptides can be modeled using the RPBS MOBYL portal from the PEPFOLD server [116].
At this point, protein and peptide docking were then carried out. Several types of docking
software can be used, including SANJEEVINI, GOLD, AUTODOCK, GemDock, Hex Protein
Docking, and GRAMM. The scoring function computes scores based on the best-fitting
ligand. The docking results were analyzed; the best-predicted epitopes from the study can
be further tested for therapeutic potency for vaccine development.

5. Conclusions

To summarize, this review discusses those studies regarding the E. histolytica biologi-
cal membrane and non-membrane protein structure, function, interaction with immune
response, and recent vaccine studies. From all the membrane and non-membrane proteins,
Gal/GalNAc lectin, ubiquitin, lipopeptidophosphoglycan, migration inhibitory factor,
enolase, actin, ADH, and CRT interacted with the antibody. However, the extracellular
vesicle was found to modulate the immune system. Furthermore, E. histolytica vaccine
studies reported using Gal/GalNAc lectin and its components in vaccine development,
such as the Gal/GalNAc lectin Lec A, LC3 fragment, and intermediate subunit Igl. Vaccine
development utilizing those elements seems to have the potential to be used in combating
E. histolytica; therefore, it should be evaluated in the clinical trial. Other membrane and
non-membrane proteins can be further researched as vaccine candidates because they
showed immune response interactions with the host, induced antibodies, and modulated
the immune response.
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