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Preface

This Special Issue focus on advanced studies on structure-function relationships using
advanced methods such as solid-state NMR, solution NMR, X-ray crystallography and cryo-electron
microscopy to determine the high-resolution structure of membrane proteins. Within this Special
Issue, it is shown that such advanced methods play important roles not only in determining the
complete structure but also in making changes to the local structure and dynamic properties of
membrane proteins. This information gives us insight into the structure-function relationship of

membrane proteins.

Akira Naito and Izuru Kawamura
Editors
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Advanced Research on Structure-Function Relationships of
Membrane Proteins

Akira Naito * and Izuru Kawamura *

Graduate School of Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku,
Yokohama 240-8501, Japan
* Correspondence: naito@ynu.ac.jp (A.N.); kawamura-izuru-wx@ynu.ac.jp (LK.)

Membrane proteins embedded in biological membranes account for 30% of the pro-
teins encoded in the human genome and play an essential role in maintaining the home-
ostasis of cells by functioning as transporters, for signal transaction and energy conversion,
amongst other functions. Thus, knowledge of the atomic resolution structures of membrane
proteins is extremely crucial to understanding their functions. However, it is difficult to
determine the structure of membrane proteins at the atomic resolution, compared to soluble
proteins, because of the degree of their crystallization.

Recent developments in the methodology of structure determination are providing
high-resolution structures of membrane proteins, and several high-resolution structures
of membrane proteins have already been reported (~4% of PDB). Solid-state NMR spec-
troscopy does not require crystallization and is not restricted by upper limits to the molec-
ular weight and structure of the heptahelical membrane protein being determined [1].
Solution NMR spectroscopy has recently been used to determine the structure of mem-
brane proteins using detergent micelles or nanodiscs as membrane mimic systems [2]. For
X-ray crystallography, it is becoming possible to determine the structures of membrane
proteins by using membrane or membrane mimic systems to form the crystals [3]. The
recently developed time-resolved methods allow for a determination of the structures of
the short-lived intermediates of membrane proteins [4]. Attention is now being focused on
cryo-electron microscopy (cryo-EM) as a powerful method for determining the structure
of membrane proteins using two-dimensional crystals [5]. The determination of mem-
brane protein structure based on single-molecular cryo-EM observation has also recently
become possible [6].

This Special Issue focuses on advanced studies of structure—function relationships using
advanced methods to determine the high-resolution structures of membrane proteins, including
developments in methodology. Within the scope of this Special Issue are not only determinations
of complete structures but also of the functions related to the local structural changes and the
dynamic properties of membrane proteins as summarized in Figure 1.

The article in this Special Issue by Florian Cymer et al. [7] reports that the single
transmembrane helix of human carbonic anhydrases XII of membrane proteins contains a
large number of amino acids with small side chains and suggests the critical roles of these
small amino acids in the dimerization of the transmembrane domain. Using the GALLEX
assay, the authors show that the transmembrane domain forms a strong transmembrane
helix oligomer embedded in a biological membrane. The authors also showed that single
or multiple mutations of small residues to isoleucine consistently increased the interaction
propensities. A reduction of the helix flexibility and of the protein-lipid contacts may
increase stability of helix-helix interactions within the membrane.

In the review by Koh Takeuchi et al. [8], a solution NMR has been highlighted to
reveal the structural basis of the function of multi-spanning membrane proteins, such
as ion channels, GPCRs, and transporters. Furthermore, membrane proteins are under
conformational equilibrium between different conformational states that are associated
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with distinctive functional states. The relative population of the different conformational
states can quantitatively reveal the functionality of the membrane protein under certain
conditions. The exchange rates between the distinct conformational states described by
solution NMR can ultimately define the time scale of the cell response as investigated for
ion channels and GPCRs. Since solution NMR allows for the detecting and quantifying
of proton dynamics at various timescales and at a semi-atomic resolution, the method is
suitable for understanding the functions of the multi-spanning helical membrane proteins.

Membrane brotein Lipid-embedded Transporter, receptor,
P membrane protein ion pump
Reconstitution in NMR
membrane mimetics X-ray
Cryo-EM IN /
200 00 k( 000
@
QOSOOOOO 11
e 000 D @
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Membrane mimetics structure relationships
(bicelle, liposome, nanodisc) determination

Figure 1. Schematic image of advanced research on the structure—function relationships of membrane proteins.

The article by Cuauhtemoc U. Gonzalez et al. [9] explores the research on the structural
arrangement produced by concanavalin A (Con-A) binding to homomeric GluK2 receptors.
Con-A stabilizes the active open-channel state of the kainate receptor and reduces the
extent of desensitization. In this study, the authors used single-molecule fluorescence
resonance energy transfer (smFRET) methods to investigate the conformational changes
underlying kainate receptor modulation by Con-A. These studies showed that Con-A
binding to Gluk2 receptor is located close to the subunit at the dimer—dimer interface at the
amino-terminal domain and between the subunits at the agonist-binding domain. Based
on these results, the authors conclude that Con-A modulation of kainate receptor function
is mediated by a shift in the conformation of the kainate receptor toward a tightly packed
extracellular domain.

The excellent review by Saman Majeed et al. [10] focuses on the most widely used
membrane mimetics in structural and functional studies of integral membrane proteins
(IMPs) at the molecular level. These membrane mimetics are detergents, liposomes, bicelles,
nanodiscs/Lipodisqgs, amphipols, and lipidic cubic phases. The authors also discuss
the protocols for IMP reconstitution in membrane mimetics as well as the applicability
of these membrane mimetic-IMP complexes in studies using a variety of biochemical,
biophysical, structural, and structural-biological techniques. The diversity of these systems
has grown significantly, and the widely ranging lipid membrane-mimetic platforms ca now
provide high solubility, stability, more or less lipid-bilayer environments, and other specific
properties that are utilized in studies using solution NMR, X-ray crystallography, cryo-EM,
ESR, fluorescence spectroscopy assays, ligand binding, translocation assays, etc.

Chun-Hao Liu et al. [11] examine the effect of cholesterol on the interaction of viral
protein R (Vpr) and lipid membranes. Using a calcein release assay, the authors found
that the membrane permeability induced by the membrane binding of Vpr was signifi-
cantly reduced in the presence of cholesterol in the membrane. Using solid-state NMR
spectroscopy, Vpr was shown to experience inhomogeneous chemical environments as
shown in the broad *CO NMR signal of Cys-76 residue ranging from 165-178 ppm, which
can be attributed to the existence of multiple Vpr-membrane environments. The authors
revealed that the presence of cholesterol in the membrane will alter the distribution of Vpr
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in the multiple membrane environments, which may explain the change of the Vpr induced
membrane permeability in the presence of cholesterol.

In the review by Shinya Hanashima et al. [12], molecular level structural analyses
of the interaction between membrane proteins and lipids or detergents that constitute
biological or artificial model membranes are shown to be important for understanding the
functions and physicochemical properties of membrane proteins and biomembranes. A
determination of membrane protein structures at the molecular level is much more difficult
when compared with that of soluble proteins, but the new technical development has
accelerated the elucidation of the structure-function relationship of membrane proteins.
The authors summarize the development of heavy atom derivative detergents and lipids
that can be used for a molecular level structural analysis of membrane proteins, including
their application for short lived intermediates with X-ray free-electron laser crystallography.

The article by Munehiro Kumashiro et al. [13] reports that the formation of (3-strand
oligomers of antimicrobial peptide magainin 2 (M2) contributed to the disruption of a phos-
pholipid membrane. The authors measured the synchrotron-radiation circular dichroism
and linear dichroism (LD) spectra of M2 in lipid membranes to characterize the conforma-
tion and orientation of M2 on the membrane. A singular value decomposition analysis
supported the presence of the intermediate state, and a global fitting analysis revealed
that M2 monomers with an «-helix structure assembled to form M2 oligomers with a
[-strand-rich structure in the intermediate state, which was observed using LD spectra.
Fluorescence spectroscopy showed that the formation of 3-strand oligomers destabilized
the membrane packing structure and induced the leakage of calcein. These results suggest
that the formation of (3-strand oligomers of M2 plays a crucial role in the disruption of the
cell membrane.

The review of Nadezhda Barvitenko et al. [14] indicates that endothelial mechanosen-
sors are the key upstream signaling proteins in shear stress (SS)-induced pro- and anti-
inflammatory responses. As transmembrane proteins, mechanosensors not only experience
fluid SS but also become regulated by the biomechanical properties of the lipid bilayer and
the cytoskeleton. The authors highlight the apparent effects of pro-inflammatory factors
(hypoxia, oxidative stress, hypercholesterolemia, and cytokines) on the biomechanics of
the lipid bilayer and the cytoskeleton. An analysis of the data reveals that the formation of
a vicious circle may occur, in which pro-inflammatory cytokines enhance and attenuate
SS-induced pro-inflammatory and anti-inflammatory signaling, respectively.

Yee-Shan Ku et al. [15] investigate the phenomenon whereby multidrug and toxic
compound extraction (MATE) transporters in eukaryotes have been characterized to be
antiporters that mediate the transport of substrates in exchange for protons. By performing
phylogenetic analyses and a protein sequence alignment of 14 representative plant species,
the authors identified a distinctive N-terminal poly-glutamate motif among a cluster of
MATE proteins in soybeans. Amongst them, GmMATE4 has the most consecutive gluta-
mate residues at the N-terminus. A subcellular localization study showed that GmMATE4
was localized at the vacuolar membrane-like structure. Using yeast as the model, the
authors showed that GmMATE4 mediated the transport of daidzein, genistein, glycitein,
and glycitin. In summary, the authors demonstrated that GmMATE4 acts as an isoflavone
transporter and revealed the functional significance of the N-terminal poly-glutamate motif
of GmMATE4 in regulating the isoflavone transport activity.

In the article of Arisu Shigeta et al. [16], a novel technique for in situ photoirradiation
of 13C solid-state NMR was developed and used to observe a variety of photo-intermediates
and photoreaction pathways in [20-*C]retinal-WT-BR and its mutant [20-'3C, 14-13C]retinal-
D96N-BR. In WT-BR, the CS state converted to the CS* intermediate under green light
irradiation at —20 °C and consequently converted to the AT state in the dark. The AT
state converted to the N intermediate under green light irradiation. In D96N-BR, the CS
state was converted to the CS* intermediate at —30 °C and consequently converted to
the AT state. Simultaneously, the AT state converted to the M and L intermediates under
green light irradiation at —30 °C and subsequently converted to the AT state in the dark.
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The authors demonstrated that short-lived photo-intermediates could be observed in a
stationary state using in situ photoirradiation solid-state NMR spectroscopy for WT-BR
and D96N-BR, enabling insights into the light-driven proton pump activity of BR.

Matthew J. Laurence et al. [17] reviewed current nanodisc techniques and the fun-
damentals of fluorescence correlation spectroscopy (FCS). The development of nanodisc
techniques, such as nanolipoprotein particles (NLPs) and styrene maleic acid polymers
(SMALPs), allow membrane proteins to be expressed and isolated in solution as part of
lipid bilayer rafts with defined, consistent nanometer sizes and compositions, thus enabling
solution-based measurements. FCS is a relatively simple yet powerful optical microscopy-
based technique that provides quantitative biophysical information, such as diffusion
kinetics and concentrations, about individual or interacting membrane proteins in solution.

In conclusion, six research articles and five review articles have been included in
this Special Issue. Structural, dynamics, and interaction studies on membrane proteins
have been extensively explored in this Special Issue. The technical developments of solid-
state NMR, solution NMR, X-ray crystallography, florescence resonance energy transfer
(FRET), linear dichroism (LD), and fluorescence correlation spectroscopy (FCS), etc., provide
structural and functional studies of membrane proteins that are treated by detergents,
micelles, liposomes, and nanodiscs, etc., as membrane mimic systems.
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Abstract: Proteins embedded in biological membranes perform essential functions in all organisms,
serving as receptors, transporters, channels, cell adhesion molecules, and other supporting cellular
roles. These membrane proteins comprise ~30% of all human proteins and are the targets of ~60% of
FDA-approved drugs, yet their extensive characterization using established biochemical and biophys-
ical methods has continued to be elusive due to challenges associated with the purification of these
insoluble proteins. In response, the development of nanodisc techniques, such as nanolipoprotein
particles (NLPs) and styrene maleic acid polymers (SMALPs), allowed membrane proteins to be
expressed and isolated in solution as part of lipid bilayer rafts with defined, consistent nanometer
sizes and compositions, thus enabling solution-based measurements. Fluorescence correlation spec-
troscopy (FCS) is a relatively simple yet powerful optical microscopy-based technique that yields
quantitative biophysical information, such as diffusion kinetics and concentrations, about individual
or interacting species in solution. Here, we first summarize current nanodisc techniques and FCS
fundamentals. We then provide a focused review of studies that employed FCS in combination with
nanodisc technology to investigate a handful of membrane proteins, including bacteriorhodopsin,
bacterial division protein ZipA, bacterial membrane insertases SecYEG and YidC, Yersinia pestis
type III secretion protein YopB, yeast cell wall stress sensor Wscl, epidermal growth factor receptor
(EGFR), ABC transporters, and several G protein-coupled receptors (GPCRs).

Keywords: fluorescent correlation spectroscopy; membrane proteins; nanodiscs; cell-free expression

1. Isolation of Membrane Proteins

Membrane protein research is critical to understanding cell uptake (e.g., of nutrients,
pharmaceuticals, invading pathogens and toxic materials), signaling across the membrane,
and diverse other functions. Unfortunately, the hydrophobicity of membrane proteins con-
tributes to their insolubility and instability outside their natural lipid bilayer environment,
thus complicating their purification and subsequent structural and solution-based studies.
Indeed, while they comprise almost 30% of all human proteins [1], membrane proteins
make up only 3-4% of structures in the Protein Data Bank [2].

While the common approach of detergent micelle solubilization can enable solution
studies of membrane proteins, these methods are fraught with difficulties in producing
suitable quantities of pure, stable, soluble, monodisperse protein and often require trun-
cation or modification of the full-length membrane protein to create a stable construct.
Optimization of solubilization conditions while maintaining native fold can be difficult
to impossible and may lead to the loss of functionally critical phospholipids, making
aggregation challenging to avoid [3]. Newer amphiphilic reagents with advantages over

Membranes 2022, 12, 392. https:/ /doi.org/10.3390/ membranes12040392 6 https://www.mdpi.com/journal /membranes
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conventional detergents continue to be developed, including the use of peptides [4-7],
amphiphilic polymers [8], and maltose-neopentyl glycol (MNG) amphiphiles [9]. Alterna-
tively, modifying the membrane protein of interest can also enable solution-based studies,
for example by fusion with an N-terminal peptide that prevents membrane insertion and
with a C-terminal amphipathic protein that keeps it soluble [10]. However, all of the above
approaches remove the membrane protein of interest from its native lipid environment,
which can significantly impact protein conformation and function.

As aresult, a major focus of research has been the development of membrane mimetics
that can be used to assess the in vitro behavior of membrane proteins while preserving their
native structure and function, the most widespread of which are liposomes [11,12]. Unlike
detergents, liposomes provide a more native environment in which membrane proteins are
embedded in a lipid bilayer. They can be made in different sizes ranging from 20 nm to
>1 um depending on the preparation method [13-16]. However, liposomes present their
own drawbacks and suffer from substantial issues with size heterogeneity and reproducible
production of high-quality liposomes for different protein systems [13,17]. Liposomes are
also often sparingly soluble and provide no control over how individual proteins inserted
interact and oligomerize, thus confounding studies of protein association and binding that
require isolated entities.

2. Nanodiscs as a Membrane Mimetic

An alternative method to simulate the membrane environment in solution is the use
of membrane mimetics that form membrane protein supporting scaffolds in the form of a
lipid “nanodisc”. Nanodiscs consist of a section of lipid bilayer ~10 nm in diameter sur-
rounded by a supporting belt or scaffold (Figure 1) [18]. Integral membrane proteins can be
embedded in the bilayer to form soluble protein—nanodisc complexes. The composition of
the bilayer can be varied to contain specific lipid mixtures, cholesterol, lipopolysaccharides,
and synthetic lipids or membrane-incorporating species such as telodendrimers [19,20].
Thus, the composition can be specified to mimic cellular membranes, while species with
specific functionality (e.g., biotinylation [21-24], Ni functionalization [25-28] or fluorescent
labels) can also be incorporated. In some cases, lipids from native membranes can also be
incorporated [29-35]. Compared to lipid vesicles, nanodiscs are easier to synthesize with
monodisperse or discrete size distributions and do not introduce any unnatural curvature.
Multiple types of nanodiscs have been developed in recent decades which principally
differ based on the scaffold used to contain the lipid bilayer, including scaffolds consisting
of apolipoproteins (to form nanolipoprotein particles, or NLPs), polymers, saposin, pep-
tides, and DNA. Each platform has advantages and drawbacks for use in structural and
biochemical studies, as discussed in a recent review [36].

Nanolipoprotein particles (NLPs), the most widely adopted version of nanodiscs, use
membrane scaffold proteins (MSPs) to encircle and stabilize the lipid bilayer. The MSP
usually consists of two copies of an apolipoprotein, an amphipathic «-helical protein with
a physiological role in lipid-binding and transport. NLPs were first developed in 2002 by
Bayburt, Grinkova, and Sligar while studying human membrane-binding proteins as a
means to create realistic and structurally consistent artificial membranes [37]. Common
MSPs use a truncated version of the human lipid-binding protein Apo A-1 (MSP1) and its
various engineered derivatives, producing nanodiscs with diameters ranging from 10 to
15 nm [3,19,38]. More recently, Nasr et al. achieved even greater homogeneity in nanodisc
size (11-12 nm) by covalently linking the C- and N-termini of MSPs. These “covalently
circularized nanodiscs” have improved thermostability and proteolytic resistance, and the
technology can be extended to produce a variety of defined sizes and geometries [39,40].

However, a limitation of MSP-based nanodiscs is that both membrane protein and
apolipoprotein must be recombinantly expressed and solubilized by detergents before they
are assembled into nanodiscs, which may cause denaturation and aggregation before the
membrane protein of interest can be introduced into the membrane mimetic. Cell-free
co-translation of the scaffold protein and target membrane protein in the presence of lipid,
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which leads to the embedding of the membrane protein into the bilayer and self-assembly
of apolipoprotein scaffolded nanodiscs, enables the encapsulation of membrane proteins
within homogenous populations of membrane mimetics particles while circumventing the
need for detergent solubilization and purification before lipid bilayer insertion [41-43]. This
avoids often lengthy optimization steps, both in detergent selection and in the engineering
of stable constructs, to ensure the membrane protein is soluble and presents a native
fold. Importantly, this both functionally expands the utility of nanodisc encapsulation to
full-length membrane proteins previously not amenable to detergent solubilization and
preserves native function for such systems [44,45].
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Figure 1. (A) Transmembrane protein embedded in a nanodisc lipid bilayer supported by (left) scaf-
fold lipoproteins (NLPs) and (right) styrene maleic acid copolymers (SMALPs). (B) One-pot cell-free
synthesis of membrane protein NLP complexes using a co-translational approach: transmembrane
proteins and apolipoproteins are translated from cDNA simultaneously in the presence of liposomes

using the translational machinery of an E. coli cell-free lysate, leading to the self-assembly of nanodisc
loaded with the membrane protein of interest [41-43].

Another limitation of NLPs is that depending on the method of preparation, some
heterogeneity in disc size and membrane protein insertion rate can remain. One study noted
a broad size distribution [46], while several others reported the existence of the inserted
membrane protein in a multimeric state [29,47]. Greater control over size and protein
insertion rate can be achieved by various techniques and should be optimized for the
particular protein under study. For example, with the ability to precisely prescribe the size
of covalently circularized nanodiscs and lipid compositions, one can influence the number
of proteins incorporated in the constrained bilayer [40]. It has also been demonstrated that
with careful specification of plasmid levels and lipid compositions in cell-free expression
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systems, a monomeric incorporation of the membrane protein can be achieved in ~80% of
NLPs [48]. Such techniques can be tuned to reduce heterogeneity and specify insertion rate
as suitable for different types of studies.

Other varieties of nanodisc have been developed that use a co-polymer rather than
lipid-binding proteins as the surrounding belt, as reviewed recently [34,49,50]. The most
widely used polymer is styrene maleic acid (SMA), first shown to form nanodiscs on
introduction to bacteriorhodopsin loaded liposomes by Knowles et al. in 2009 [30]. Newer
co-polymers such as di-isobutylene maleic acid (DIBMA) are increasingly utilized to vary
disc geometry and tune polymer/membrane interaction [51,52]. SMA removes a section of
lipid bilayer to form styrene co-maleic acid lipid particles (SMALPs), a technique that has
found greatest use in detergent-free solubilization of proteins of interest from native cell
membranes for biochemical and structural studies [31-35,53-55]. Avoiding disassembly
and reconstitution allows membrane proteins to exist in a disc of membrane as close as
possible to their natural cellular conditions. SMALPs also display excellent thermal and
temporal stability, keeping their protein monodisperse and functional for over a week
at 4 °C [35,56]. While polymer nanodiscs do not have the benefit of the discretized size
population of MSP-based nanodiscs, varying the co-polymer monomer ratios and new
polymer designs are improving their size control, pH stability, and other spectroscopic and
biochemical properties [57].

3. Fluorescence Correlation Spectroscopy

The interactions between membrane proteins and their ligands, agonists, and antag-
onists provide a basis for understanding their physiological functions and how they are
affected by pathogens, cancer, and drugs. Techniques for studying these interactions in-
clude atomic force microscopy (AFM), surface plasmon resonance (SPR), circular dichroism
spectroscopy, and fluorescence techniques such as fluorescence correlation spectroscopy
(FCS), fluorescence recovery after photobleaching (FRAP), and Forster resonance energy
transfer (FRET). Here, we first focus on FCS, then review the use of FCS combined with
nanodisc technologies in studies of several membrane proteins.

In comparison to other techniques, the relative strength of fluorescence techniques are
their specificity, sensitivity, and high-throughput potential. While the species of interest
must be labeled with chromophores or bulky fluorescent proteins, this ensures that the
signal observed is from the molecule of interest. In addition, multiple colors may be used,
allowing multiple species to be traced simultaneously in the same sample. Furthermore,
fluorescence techniques can be used in tandem with other forms of microspectroscopy [58].

Fluorescence correlation spectroscopy is one of the most common fluorescence tech-
niques to study molecular dynamics (Figure 2). In its most common configuration, a
confocal microscope is used to create a femtoliter-sized detection volume in a solution
of fluorescent tagged molecules [59,60]. Individual photons emitted from the fluorescent
molecules diffusing through the detection volume are detected using single photon count-
ing detectors, which record the timestamps of the photon arrivals [61]. By performing the
mathematical correlation operation, the data are converted into a correlation curve which
can be fit to models for various diffusion processes.

FCS presents several advantages over related fluorescence systems. Fluorescence
recovery after photobleaching (FRAP) measures protein diffusion kinetics by briefly photo-
bleaching a region inside a solution, cell, or membrane containing fluorescently labeled
proteins and measuring the time needed for the region to recover the fluorescence signal
as non-bleached proteins diffuse in. Unlike FRAP, FCS can measure multicomponent
diffusion and protein concentrations, requires lower protein concentrations, and is better
suited for short time scale observations [62,63]. Forster resonance energy transfer (FRET) is
a form of nonradiative energy transfer between two molecules used to determine if they
are in proximity to each other. As the FRET efficiency is proportional to the sixth power of
distance between the fluorescent donor and acceptor, FRET is a very sensitive method to
probe for intermolecular binding and protein conformations [64—67]. In practice, however,
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binding measurements using FRET are much more challenging than using FCS because
successful design of FRET pairs at specific positions on proteins requires precise knowledge
of protein structures.
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Figure 2. Fluorescence correlation spectroscopy (FCS) applied to membrane proteins embedded in
nanodiscs. (A) FCS instrument schematic for a single-color system based on a confocal microscope.
A tightly focused laser excitation combined with a confocal pinhole define a small, femtoliter-scale
open detection volume. The emitted fluorescence signal is typically split and projected onto two
detectors to eliminate detector dead time and afterpulsing effects. OBJ: objective; DM: dichroic mirror;
L: lens; PH: pinhole; BS: beamsplitter; BP: bandpass filter; APD: avalanche photodiode. (B) As a
molecule of the fluorescently labeled species, such as the membrane protein embedded in a nanodisc
shown, diffuses through the open detection volume, the detected fluorescence signal fluctuates. Size
of nanodisc in comparison to laser focus not drawn to scale. (C) The g‘? correlation is calculated from
the fluorescence signal (green data points). A simple diffusion model (Equation (1)) (black line) is
fitted to the data, giving the diffusion time and concentration of the diffusing species. Data shown are
of the human (-2 adrenergic receptor conjugated with the green fluorescent protein and embedded
inside an Apo-Al encircled DMPC nanodisc. Fitted diffusion time tp = 0.92 + 0.02 ms.

By attaching fluorescent tags to biological macromolecules, virtually any molecule
in solution can be studied by FCS. Proteins can be either expressed as fusions with other
fluorescent proteins or functionalized with chemical fluorescent dyes. The sample does not
need to be removed from solution, allowing solution dynamics to remain unchanged. In
addition to measurements in solution, FCS may be measured inside cells [68-71] allowing
findings from simpler solution-based assays to be validated in cell-based experiments.

Analysis of the correlation curve from FCS measurements gives insight into the
physical properties of a system. The shape of the correlation curve depends on an effective
detection profile produced by the laser excitation volume combined with the detection
pinhole. The simplest model for FCS is that of a single species diffusing in a 2D Gaussian
detection profile, with correlation C given by

IS
N(1+%)

where T is the time delay, 7p is the diffusion time, and N is the average number of fluo-
rescent molecules in the detection volume. Tp represents the average time for a molecule
to diffuse out of the open detection volume in the solution. The diffusion constant D,
which is dependent on factors including molecular size and structure, can be calculated

C(r)=1+ @

by D = %, where r is the width of the 2D Gaussian profile as determined through a
calibration. The concentration of the species can be calculated from N and the calibrated
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volume. In this model, diffusion in the axial dimension (along the optical path) is ignored
since the timescale of diffusion out of the open detection volume in that axis is much longer.
Deviations from the simple model above can indicate the presence of additional
species with different diffusion times [72], an anomalously diffusing species, or other
photophysical behaviors such as triplet-state excitation [73]. The diffusion of two distinct
species with average numbers N1 and N and diffusion times Tp; and 7py can be modeled
with correlation function
Ni n N, 2
(Ny +N2)2(1 + E) (N1 + N2)2(1 4T )

D2

The presence of multiple species may be due to different entities (e.g., different pro-
teins) or different states of the same entity (e.g., oligomers or aggregates). The presence
of two species is expected when a biomolecule is present that binds to the fluorescently
tagged species, for example in cases of two interacting proteins or drug binding to protein.
Under sub-saturating concentrations of the non-fluorescent molecule, one species would
be the bound complex (with a longer diffusion time) while the second would be the free
fluorescently labeled molecule. A shift in the correlation curve towards longer diffusion
times is a simple readout of binding when probing for molecular interactions. Note, how-
ever, that the diffusion times of the two species must differ by at least a factor of 1.6 to be
distinguishable under typical conditions [72]. Since diffusion time is inversely proportional
to the cubed root of mass, this criterion stipulates that the masses of the two species must
differ minimally by a factor of 4. Thus, a critical strategy when investigating potential
interactions (e.g., during drug screening) is the placement of the fluorescent label on the
small ligand so that a large change in mass occurs upon binding of the larger protein.

FCS can also be expanded to use multiple colors to observe multiple molecular species
simultaneously. In fluorescence cross-correlation spectroscopy (FCCS), two or more molec-
ular species that may interact are labeled with spectrally dissimilar fluorescent tags and
excited with separate lasers [74]. The distinct fluorescence signals can be autocorrelated
individually as in single-color FCS or cross correlated. Fitting the cross-correlation curve
gives the concentration of bound pairs, which can be used with the concentrations of
each unbound species to calculate the binding coefficient [61]. Alternating laser excitation
and pulsed-interleaved excitation allow for the elimination of many sources of spurious
cross-correlations [75-77].

Conventional FCS only measures diffusion at a single spot of hundreds of nanometers
to 1 um in size, much smaller than many target areas of interest in biological systems,
thus missing potential spatial heterogeneity in the sample. Various methods have been
developed that extend conventional FCS to provide greater spatial information. Scanning
FCS performs measurements as the observation volume is continuously moved through
the sample, providing spatial information while reducing photobleaching [78]. Imaging
correlation spectroscopy makes use of EMCCD cameras that achieve single-photon sen-
sitivity over a much wider area. Instead of tracking photon counts from a single point,
the camera records an image containing FCS data for hundreds or thousands of pixels
simultaneously [79,80]. Acquiring many correlations in parallel across space not only
provides location-dependent information but also increases the statistics while reducing
acquisition time, thus allowing high-throughput measurements of diffusing species and
their interactions.

FCS has several limitations as a technique in general and when applied to the study
of membrane proteins. As with all fluorescence techniques, one must first ensure that
the fluorescent label does not interfere with the structure or function of the protein under
study. The requirement that two species have masses that differ by at least a factor of 4
to be distinguishable in single-color FCS has been discussed above [72]. Accurate concen-
tration determination requires an accurate calibration of the detection volume as well as
sufficient signal-to-noise ratio. While the use of higher laser powers improves the signal-
to-noise ratio, it can also lead to triplet-state excitation and enlargement of the detection
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volume [73,81,82]. High laser powers can also lead to photobleaching of fluorophores, a
common issue with many fluorescence measurements. Photobleaching is especially detri-
mental in experiments involving slowly diffusing molecules that require long acquisition
times, in which case lower laser powers should be used. In addition, slowly diffusing
aggregations of fluorescently labeled proteins, a problem common with membrane proteins,
produce strong signals that can dramatically skew correlation curves even with a compara-
tively low concentration of aggregates. This again underscores the importance of methods
such as nanodiscs to producing soluble non-aggregated membrane proteins. Finally, proper
interpretation of FCS data requires fitting to a suitable model. Photobleaching, triplet-state
excitation, aggregations, and complexities arising from measurements taken inside cells or
on membranes (e.g., constrained diffusion, immobilization, and active transport) all result
in correlation curves requiring models beyond simple diffusion [83,84].

4. FCS Measurements of Membrane Proteins Embedded in Nanodiscs

Nanodiscs permit the application of solution-based techniques such as FCS to the
study of individual membrane proteins embedded in well-defined bilayers. Starting in the
past decade, FCS has been applied to the study of various membrane proteins embedded
in nanodiscs, as reviewed below and summarized in Table 1.

Table 1. Membrane proteins embedded in nanodiscs and studied by FCS.

Expression and Diffusion
Membrane Protein ~ Species p Nanodisc Type Fluorescent Label Characteristic Reference
Assembly System (FCS)
Bacteriorhodopsin H. Cell-free DMPC + BODIPY-lysine T = 035 ms Gaoetal,,
(bR) salinarum co-translation ApoA49A1 during translation D= 2011 [47]
Proteins from E. coli, E. coli linid Lissamine Hernandez-
ZipA E. coli then mixed ’ {ract fMSPlDl rhodamine B on D=324+4um?/s Rocamora etal.,
with lipids extrac lipids 2012 [85]
Proteins from E. coli, DOPC, DOPE,
SecYEG E. coli then mixed DOPG, CL + fg;‘;jluor 48on  h_ 7 4 3um?/s ‘2’\5;‘26;8&‘61]"
with lipids MSP1D1 P
Proteins from E. coli, DOPC, DOPE, Alexa Fluor 488 or Kedrov et al
YidC E. coli then mixed DOPG, CL + Atto 647N on D=3142um?/s 2013 [87] v
with lipids MSP1D1 protein
Proteins from E. coli
X , . ! DOPC, DOPE, Alexa Fluor 488 on B > Geng etal.,
YidC E. coli then mixed DOPG + MSPIDI  protein D=39%2um%/s  515788]
with lipids
. Cell-free DMPC + Binding to Tp =0.63 = Ly etal.,
YopB Y. pestis co-translation ApoA49A1 LerV-GFP 0.06 ms 2014 [89]
Epidermal growth SNAP fusion
p & . Cell-free DMPC + construct labeled Tp = 0.167 £+ Quinn et al.,
factor receptor H. sapiens . .
co-translation ApoA49A1 with SNAP surface 0.002 ms 2019 [48]
(EGFR) 504
Membrane protein o
. Binding to small .
ABCB1/P- M. from P. pastoris, MSP 1\ b | \fgp1D1  BODIPY-linked p=30+02ms Hietal
glycoprotein musculus from E. coli, then i 2017 [90]
- o igands
mixed with lipids
HEK293T expression,
ABCG2/BCRP . then native GFP fusion D =314 4um?/s Horsey et al.,
(breast cancer H. sapiens . SMALP . ]
resistance protein) membrane extraction construct (likely dimer) 2020 [29]
by SMA
Neurokinin-1 H. sapiens Cell-free DMPC + GFP fusion ™ =0.51+ Gaoetal,
receptor (NK1R) -Sap co-translation ApoA49A1 construct 0.37 ms 2012 [45]
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Table 1. Cont.

Expression and Diffusion
Membrane Protein ~ Species P Nanodisc Type Fluorescent Label Characteristic Reference

Assembly System (FCS)

P. pastoris expression, o

. . Binding to small Tp =0.63 = .

Adenosine Aga H.sapiens ~ ‘hennative _ SMALP red BODIPY-linked ~ 0.02 ms Grime et al,
receptor (A2AR) membrane extraction ligand D =30+ 4 um?/s 2020 [91]

by SMA & B "

Tp = 5.88 ms

HEK293T expression, D =16 um?/s
Neurotensin H. sapiens then native SMALP mRuby fusion (broad size Dathe et al.,
receptor 1 (NTSR1) - sap membrane extraction construct distribution and 2019 [46]

by SMA large residuals

noted)
S. cerevisiae
y expression, then GEFP fusion D =50+ Voskoboynikova

Wsel 5. cerevisiae native membrane SMALP construct 4.6 um?/s etal., 2021 [92]

extraction by SMA

Membrane protein
Cytochrome ¢ R. from R. sphaeroides, DOPG + MSP1D1  Fluorescein on Xu et al.,
oxidase (CytcO) sphaeroides MSP from E. coli, then — or MSP1E3D1 lipids or protein 2016 [93]

mixed with lipids

Cell-free co-translation: proteins expressed in the presence of lipids for self-assembly of nanodiscs during
expression. SMALP: styrene maleic acid lipid particles. ApoA49A1: truncated apolipoprotein Al. DMPC:
1,2-dimyristoyl-sn-glycero-3-phosphocholine. DOPC: dioleoylphosphatidylcholine. DOPE: dioleoylphos-
phatidylethanolamine. DOPG: dioleoylphosphatidylglycerol. CL: cardiolipin. Tp: diffusion time. D: diffusion
coefficient.

In the first FCS characterization of a nanodisc-embedded membrane protein, Gao et al.
measured the diffusion times of bacteriorhodopsin (bR) embedded in nanodiscs made
of a DMPC-lipid bilayer surrounded by truncated Apo-Al [47]. Empty and bR-loaded
nanodiscs had diffusion times ~0.5 ms. The authors also measured the diffusion times
of several particles (e.g., large vesicles, beads, and fluorescent dyes) of known sizes as
determined by dynamic light scattering. From this calibration of diffusion time vs. particle
size, the ~0.5 ms diffusion times of empty and bR-nanodiscs correspond to diameters of
~10 nm, agreeing with the value expected of Apo-A1l nanodiscs.

Since then, FCS has been used to characterize interactions between several other
nanodisc-embedded bacterial membrane proteins and their soluble binding partners.
Hernandez-Rocamora et al. measured the binding of nanodisc-embedded E. coli ZipA,
which provides essential membrane tethering during cell division, to FtsZ in different
polymerization and nucleotide states [85]. Empty nanodiscs made of E. coli polar lipid
extract surrounded by MSP1D1 and discs containing one ZipA protein had diffusion times
of ~0.5 ms, corresponding to diameters of 10 and 13 nm, respectively, as expected. The
addition of FtsZ resulted in a rightward shift of the correlation curve from which the
fraction of bound species was determined.

Wu et al. [86], Kedrov et al. [87], and Geng et al. [88] elucidated the specific nature
of binding between the ribosome and E. coli’s two membrane insertases, SecYEG and
YidC and, in the process, revealed the importance of using a native-like lipid environ-
ment when attempting to uncover physiological binding behavior. Membrane insertases
associate with translating ribosomes and integrate nascent polypeptides into the lipid
bilayer. By FCS measurements of SecYEG embedded in nanodiscs, Wu et al. found that
SecYEG binds ribosome strongly only in the presence of a nascent chain (ribosome-bound
nascent chain complex, RNC) as seen by a rightward shift in the diffusion curve [86]. This
requirement of nascent chain was not fully apparent if not for the use of nanodiscs, as
ribosome without nascent chain was still able to bind the majority of SecYEG solubilized
in detergent. The authors further found that the addition of the SecA protein, which also
binds SecYEG, competitively inhibits binding of RNC to SecYEG-nanodiscs, as seen by
decreases in the fraction of RNC-SecYEG-nanodisc species in FCS diffusion curves. In
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contrast, this competitive binding behavior of SecA and RNC to SecYEG was not observed
when SecYEG was solubilized in detergent rather than nanodiscs; in detergent, almost
all SecYEG was bound to RNC despite the presence of excess SecA. In a parallel study
to that of SecYEG, Kedrov et al. found that when embedded in nanodiscs, YidC binding
to ribosome, as measured by a rightward shift in the FCS correlation curve, also requires
the presence of a translating nascent chain [87]. In contrast, YidC in detergent exhibited
several artifactual interaction characteristics, such as binding of ribosome without nascent
chain at non-physiological acidic pH. Geng et al. further explored the structural basis of
the binding between YidC-nanodiscs and RNC through FCS measurements of YidC mutant
constructs and found that YidC’s cytosolic loop C2 and C terminus are both crucial in this
interaction [88]. All the above results underscore the importance of nanodiscs in providing
a native-like environment to study physiological membrane protein interactions.

Ly et al. used FCS to measure the interactions between Yersinia pestis membrane-bound
YopB and soluble LcrV, two proteins of the bacteria’s type III secretion system critical for
host cell invasion [89]. Binding of YopB-nanodisc to eGFP-LcrV resulted in a rightward
shift in the correlation curve from which the fraction of bound species was determined
(Figure 3). A full binding curve obtained by varying concentrations of YopB-nanodisc
produced a dissociation constant ~20 nM. In addition to enabling FCS measurements, YopB
produced concurrently with nanodiscs in the cell-free expression system had the added
advantage of greater protein solubility [44].
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Figure 3. Binding of nanodisc-embedded membrane proteins to smaller, fluorescently labeled ligands
are easily detectable by FCS due to a large change in diffusion time. (A) Cartoon of the Y. pestis
membrane protein YopB (a multimer) inserted into a 10 nm nanodisc and its cognate protein LcrV
(PDB: 1R6F) labeled with EGFP. (B) FCS correlation curves of LcrV-EGFP in the presence of different
concentrations of YopB-nanodisc (data selected from Ly et al. [89]). Addition of YopB-nanodisc
shifts the correlation curve of LcrV-EGFP to the right. Intermediate concentrations of YopB-nanodisc
result in a diffusion curve with two species present, one of free LcrV-EGFP and one bound to
YopB-nanodisc. Curves are fitted to Equation (2) to obtain the diffusion times and fractions of
the two species. (C) Fraction of LcrV-EGFP bound to YopB-nanodisc at different YopB-nanodisc
concentrations. A fit to the Hill equation gives dissociation constant Kp = 20 4= 2 nM and Hill
coefficient n = 1.4 [89].

In addition to studying the above bacterial proteins, FCS in combination with nan-
odisc technology has been used to characterize various eukaryotic membrane proteins.
Voskoboynikova et al. used FCS to demonstrate successful production of monodisperse
Wscl, a yeast transmembrane cell wall stress sensor, embedded in SMALPs by SMA extrac-
tion from native S. cerevisiae cell membrane [92]. Other studies further characterized by FCS
the interactions between eukaryotic membrane proteins and their substrates. Quinn et al.
measured FCS on nanodisc-embedded full-length epidermal growth factor receptor (EGFR)
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produced by cell-free expression [48]. Remarkably, the authors reported the ability to detect
microsecond shifts in diffusion times upon ATP binding to EGFR-nanodisc and upon phos-
phorylated EGFR-nanodisc binding to a specific antibody. Li et al. [90] and Horsey et al. [29]
used FCS to study ligand binding of ATP binding cassette (ABC) transporters, which couple
ATP hydrolysis to the binding and transport of substrates across membranes and which
play major roles in drug interactions and resistance. Li et al. found that the binding
of several fluorescent-labeled substrates to nanodisc-embedded ABCB1/P-glycoprotein
is dependent on different nucleotide states of the protein [90]. Horsey et al. measured
the binding of fluorescent-prazosin to ABCG2/BCRP (breast cancer resistance protein)
embedded in SMALP by SMA extraction from the native HEK293 cell membrane [29].

Finally, FCS combined with nanodisc technology has been used to study G protein-
coupled receptors (GPCRs), the largest family of membrane proteins in humans and major
drug targets. Dathe et al. purified SMALPs containing neurotensin receptor 1 (NTSR1) and
found its diffusion time by FCS to be much larger than expected along with large fitting
residuals, suggesting a broad rather than monodisperse distribution of sizes [46]. Other
studies investigated ligand binding to GPCRs. Gao et al. produced several nanodisc-bound
human GPCRs by cell-free expression, including neurokinin-1 receptor (NK1R), adrenergic
receptor ADRB2, and dopamine receptor DRD1 [45]. The authors proceeded to measure
by FCS a full binding curve between NK1R-nanodisc and its fluorescently labeled ligand
Substance P, from which a dissociation constant ~83 nM was obtained. More recently, Grime
et al. measured the binding of human adenosine Aja receptor embedded in SMALP to its
fluorescently labeled antagonist xanthine amine congener [91]. The use of FCS to measure
interactions between a small fluorescently-labeled ligand and a large nanodisc-embedded
GPCR invites many future studies for potential drug development.

Beyond the determination of the binding and diffusion biophysics of membrane
proteins, the combination of FCS and nanodisc technology has been used to study the
protonation effect of membranes. Lipid membrane can enrich [H*] near its surface in a
phenomenon known as the local membrane proton-collecting antenna effect, serving to ac-
celerate proton uptake by membrane-bound proton transporters such as bacteriorhodopsin
and cytochrome c oxidase (CytcO). Xu et al. measured FCS curves of fluorescein-labeled
nanodiscs of different sizes, in the absence or the presence of membrane-embedded CytcO,
and under various buffer conditions [93]. The curves were fitted to a multistate model
with components including normal diffusion and fluorescence decay, the latter serving
as the readout of protonation levels as fluorescein fluorescence is highly sensitive to pH.
While previous studies had measured the proton antenna effect for large 30 nm vesicles,
the use of nanodiscs allowed the authors to detect the effect for membranes as small as
9 nm in diameter. The authors also found that the presence of CytcO in the membrane
decreased the effect, requiring a larger membrane (12 nm in diameter) to achieve the same
protonation levels.

A direct comparison of diffusion times is not possible across all the above studies since
different FCS setups have slightly different focal volumes. Rather, conclusions are drawn
within a study based on changes in correlation curves under different biological conditions.
Nevertheless, it is informative to visualize FCS curves of nanodiscs-membrane proteins in
relation to other species across a wide range of sizes. As expected, correlation curves and
diffusion times of membrane proteins embedded in ~10 nm-nanodiscs lie between those of
individual fluorescent proteins (GFP and mCherry) and polystyrene microspheres with
diameters ~40-100 nm (Figure 4).
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Figure 4. FCS correlation curves and diffusion times of nanodisc-embedded membrane proteins
among a large range of particle sizes. (A) A representative correlation curve, from data collected
for 1 min, for each species given in (B). Blue shaded area represents the range in which curves for
membrane proteins embedded in nanodiscs are expected to reside. Green shades represent data
collected with 488 nm laser excitation, and red shades represent data collected with 561 nm laser
excitation. Data were collected on a homemade FCS system with a calibrated detection volume of
~3 um3. (B) Diffusion times of different species plotted against particle size (diameter). Error bars
on diffusion times are standard deviations based on multiple measurements. Error bars on size are
estimated from diameters of the species. Blue shaded area represents the range in which nanodisc-
embedded membrane proteins are expected to reside. Atto488 (Sigma-Aldrich, St. Louis, MS, USA,
product #41051); Alexa555: Alexa Fluor 555 NHS ester (Thermo Fisher Scientific, Carlsbad, CA, USA,
product #A20009); FluoSphere505 and FluoSphere580: FluoSpheres fluorescent carboxylate-modified
microspheres 0.04 um (Thermo Fisher Scientific, product #F10720); TetraSpeck: TetraSpeck fluorescent
microspheres 0.1 um (Thermo Fisher Scientific, product #17279).

5. Summary and Future Directions

Despite its age, FCS remains an effective and widely used biophysical technique to
study protein biophysics and binding in solution as well as within cells. Nanodiscs enable
FCS measurements of in-solution, purified, individual membrane proteins residing in a
native-like lipid environment. While only a handful of studies have used this combination
as reviewed above, the simplicity of FCS combined with the versatility of nanodiscs
presents great potential for future studies of the plethora of membrane proteins. FCS may
be applied to any of the ~100 membrane proteins that have been successfully reconstituted
in nanodiscs (as listed in several recent reviews [3,34]) as well as important nanodisc-
embedded membrane proteins to be successfully isolated in the future. Candidates for the
latter include other bacterial type III secretion proteins which play critical roles in host cell
invasion, in FCS binding studies analogous to those performed for Y. pestis YopB [89].

Future studies may leverage the ability to precisely control lipid composition in
nanodiscs to investigate the effects of lipids on membrane protein function and structure.
Membrane lipids have immense diversity, with the human body containing thousands of
different lipids with significant implications for cellular shape and function [94,95]. Studies
have broadly established that membrane lipid composition, such as cholesterol content and
phospholipid type, affects membrane protein behavior through both direct lipid-protein
interactions and indirect mechanisms such as membrane fluidity and curvature [96-102]. In
recent years, computational research in lipid bilayers has also had a focus on increasing the
complexity of the system to more closely replicate various biological membranes [103-107].

16



Membranes 2022, 12, 392

This coordinated drive towards complex realism in experimental and computational work
opens the opportunities for both disciplines to inform the other. Of particular interest are
studies of the major drug targets GPCRs embedded in nanodiscs of various prescribed
lipid compositions. The effects of the surrounding membrane composition on interactions
with G proteins, affinities for ligands, and affinities for therapeutic drugs of many GPCRs
remain to be investigated by computational tools, FCS, and other experimental techniques.

The FCS-nanodisc assay shows great promise for future improvements. Advancements
in detector technology will continue to increase the range of concentrations over which FCS
can be performed by increasing photon count limits and time resolution [108,109]. New
types of spatial extent FCS such as line scanning FCS or imaging FCS have not yet been
applied to nanodisc measurements, but future work may find them useful in enhancing
the throughput power of the assay over a short time interval. Continued improvements to
nanodisc technology, such as further development and use of polymers and membrane
scaffold proteins, will facilitate the ease of protein isolation and increase the fidelity of the
mimetic to the native membrane. Future studies employing such nanodiscs will give FCS
access to a broader selection of context-relevant membrane proteins and the complexes
they form.
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Abstract: Bacteriorhodopsin (BR) functions as a light-driven proton pump that transitions between
different states during the photocycle, such as all-trans (AT; BR568) and 13-cis, 15-syn (CS; BR548) state
and K, L, My, My, N, and O intermediates. In this study, we used in situ photoirradiation 13¢C solid-
state NMR to observe a variety of photo-intermediates and photoreaction pathways in [20-13C]retinal-
WT-BR and its mutant [20-13C, 14-13C]retinal-D96N-BR. In WT-BR, the CS state converted to the CS*
intermediate under photoirradiation with green light at —20 °C and consequently converted to the
AT state in the dark. The AT state converted to the N intermediate under irradiation with green
light. In D96N-BR, the CS state was converted to the CS* intermediate at —30 °C and consequently
converted to the AT state. Simultaneously, the AT state converted to the M and L intermediates under
green light illumination at —30 °C and subsequently converted to the AT state in the dark. The M
intermediate was directly excited to the AT state by UV light illumination. We demonstrated that
short-lived photo-intermediates could be observed in a stationary state using in situ photoirradiation
solid-state NMR spectroscopy for WI-BR and D96N-BR, enabling insight into the light-driven proton
pump activity of BR.

Keywords: bacteriorhodopsin; light driven proton pump; photo-intermediate; photoirradiation
solid-state NMR

1. Introduction

Bacteriorhodopsin (BR) is a retinal-containing transmembrane H" pump found in
the purple membrane (PM) of the archaeon Halobacterium salinarum, where it generates a
proton gradient across the cytoplasmic membrane for ATP synthesis [1-3]. The 26 kDa BR
protein contains seven transmembrane x-helices and a retinal group covalently bonded
to the e-amino group of Lys216 in helix G. In the extracellular region, an extensive three-
dimensional hydrogen-bonded network of protein residues and seven water molecules
connects the buried retinal Schiff base (SB) and the proton acceptor Asp85 to the membrane
surface [4]. Energy from the light absorbed by the protein causes isomerization of the
retinal from all-trans (AT, BR568) to 13-cis, 15-anti (CS; BR548) configurations to induce
conformational changes in the protein, including a change in the tilt angle of the E and
F helices. These structural changes suggest that protonation of Asp85 initiates a cascade
of atomic displacements in the extracellular region, causing the release of a proton to the
surface (see Figure 1A) [5,6].
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Figure 1. (A) Structure and proton transport pathways of bacteriorhodopsin (BR) (PDB: 1C3W).
(B) Schematic of the BR photocycle. Approximate half-life for each transition and the absorption
maximum of each intermediate are shown for the K, L, M (early M), M, (late M), N, and O interme-
diates [7].

Recently, a time-resolved serial femtosecond crystallographic structural study of BR
using an X-ray-free electron laser revealed structural events that occur nanoseconds and
milliseconds after photoactivation [7-9]. This time-resolved structural analysis revealed the
sub-picosecond to millisecond retinal isomerization, proton release, proton uptake steps,
and how the structural changes in BR achieve uni-directional membrane transport of H*
against a transmembrane concentration gradient.

The ordered sequence of conformational changes that occurs in BR as a result of light
absorption is known as the photocycle (see Figure 1B) [7]. Upon illumination with green
light (560 nm) at room temperature, the population of the AT state increases, a condition
known as the light-adapted (LA) state. During the AT photocycle, the AT state is excited to
the K-intermediate under green light illumination and is consequently relaxed through the
L, M; (early M) and M; (late M), N, and O intermediates and ultimately returns to the AT
(BRsgg) state (see Figure 1B).

During transition from the L to M intermediates, a H" is transported from a SB to
Asp85 via W402 (step ), and a H* is simultaneously released from a proton release group
(PRG) such as Glul194 or Glu204 on the extracellular side (step 2). During transition
from the M to N intermediate, a H* is transported from Asp96 to a protonated Schiff base
(SBH), which causes re-protonation of the SB (step (3). In the transition from the N to O
intermediate, a H* is transported from the cytoplasmic side to Asp96, which causes uptake
of H* from the cytoplasmic side to BR (step ®). In the last step of the photocycle, Asp85
re-protonates a PRG such as Glu194 or Glu204 in the transition from the O intermediate
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to the AT state (step (). These stepwise changes in the sidechains induce a change in the
pKa value (of up to 3 pH units) that results in H* flux to the extracellular side of BR (see
Figure 1A) [6-11].

In contrast to the AT photo-cycle that is related to proton pump activity, the pho-
toreaction of the CS state (CS photocycle) has not been extensively studied. In previous
studies [12-15], the CS state was irradiated with an Nd laser (530 nm) and an intermedi-
ate with a maximum absorbance of 610 nm was detected in the CS photocycle. As the
same intermediate is not detected in the AT photocycle, it was thus determined to be an
intermediate transformed from the CS state and assigned as the batho-13-cis-bR [13] or
“610”-intermediate [12]. The intermediates are subsequently converted to the AT state
through a leaking process from the CS photocycle. Therefore, one of the objectives in this
study is to observe the photo-intermediates using in situ photoirradiation solid-state NMR
of the CS photocycle with atomic resolution.

When the O intermediate transforms to the AT state in the photocycle of BR, a H*
is transported from Asp85 to a PRG through a hydrogen bond network consisting of
Asp212 and Tyr185. As breakdown of the hydrogen bond network with the substitution
of Tyr185 to Phel85 prevents H* transport, it is thus predicted that the half-life of the
O intermediate is significantly increased [16]. In a spectroscopic study of the Y185F-BR
mutant, the dark-adapted (DA) state consisted of a CS:AT molar ratio of 3:1 [17,18]. Light-
adaptation produces the AT state and the O intermediate [19]. Photoexcitation at —103 and
—23 °C of the O intermediate produces an N intermediate, while the M intermediate is not
found [20,21].

In the photoreaction cycle shown in Figure 1B, the photoreaction L <+ M refers to
proton exchange between SB and Asp85, while M «+ N refers to proton exchange between
Asp96 and SB. Therefore, replacement of Asp96 with Asn96 (D96N-BR) prevents the
accumulation of any intermediate subsequent to the M intermediates, such as the N and O
intermediates, while retaining proton pump activity [22-25]. Thus, the half-lives of the M
and L intermediates are significantly increased in the D96N-BR mutant.

It is important to characterize the photo-intermediates to clarify the light-driven
proton pump activity of BR. Photo-intermediates are normally detected based on the
wavelength of the absorbance maximum using flash photolysis with pulsed laser light. For
molecular characterization, solid-state NMR spectroscopy provides a powerful alternative
for detecting intermediates during the photocycle. The L, M, and N intermediates have
been detected by measuring '3C NMR signals of [1*C]retinal-BR as well as 1N NMR signals
of [e-'N]Lys?!®-BR at a temperature range of 0 to —120 °C under illumination with light
(A > 540 for N and M, A > 610 nm for L) [26,27]. The 13-cis form of [20-'3C]retinal-BR can
be distinguished from the 13-trans form, and the 15-syn form of [14-13C]retinal-BR can
be distinguished from the 15-anti configurations based on the y-position effects [28-32].
In another study, two protein structures corresponding to the AT and CS state retinal
configurations were detected by observing rotational echo double resonance (REDOR)
filtered '3C NMR signals of [1-'3C]Tyr185-BR [33].

An in situ photoirradiation apparatus for the solid-state NMR spectrometer has been
developed in which light passes through an optical fiber in the probe and the sample is
irradiated from outside the rotor tube [31,34]. This system has been used to characterize
an early M intermediate in the BR photocycle. The intermediate of the BR was trapped by
irradiation of the LA state with light at >610 nm in a temperature range of —95 to —130 °C
for at least 2 h [26,27]. In combination with the dynamic nuclear polarization (DNP)
method, the heterogeneity of the dark-adapted BR and distortion in the K intermediates
were revealed, and four distinctive L intermediates were detected [32,35]. In addition,
photoirradiation DNP-enhanced solid-state NMR has been used to detect the photoreaction
site of channelrhodopsin-2 combined with 1*C double quantum filtering experiments [36].

Another type of in situ photoirradiation solid-state NMR apparatus was developed
by our group, in which the sample is irradiated from inside the rotor tube through a
glass rod inserted into the rotor [33,37-45]. This allows irradiation of the sample with
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extremely high efficiency and enables observation of the photo-intermediates as a stationary
trapped state and the photoreaction processes of photoreceptor membrane proteins. In situ
photoirradiation is particularly useful for the study of photo-cycles of retinal proteins such
as sensory rhodopsin I (SR 1) [38] and sensory rhodopsin II (SR II) [37,39], in which the late
intermediates have long half-lives.

In this study, we focused on real-time detection of the photo-intermediate of WT-BR
and D96N-BR using in situ photoirradiation solid-state NMR spectroscopy. Photoreaction
pathways under photo-illumination with green and UV lights can be detected at low
temperatures in such experiments. Notably, the photocycles of the CS and AT states were
simultaneously investigated using in situ photoirradiation solid-state NMR experiments.
Our aim is to gain insight into the structures and functions of the photo-intermediates
using this methodology.

2. Materials and Methods
2.1. Materials

The Halobacterium salinarum retinal-deficient strain E1001 was grown in a temporary
medium with the exogenous addition of [20-13C]retinal at a final concentration of 5 uM
to yield selectively labeled [20-13C]retinal-WT-BR in the purple membrane (PM). Conse-
quently, the PM with WT-BR was isolated according to a previously reported method [46].

The H. salinarum transformant for the D96N mutant, which was constructed using site-
directed mutagenesis of bacterio-opsin, was used in this study. (The transformants were
a gift by Dr. Satoru Tuzi). This H. salinarum (D96N-BR) strain was grown in a temporary
medium containing [e-°N]-Lys to yield selectively labeled [¢-!°N]-Lys-D96N-BR in the
PM. The PM was then isolated according to a previously reported method [46].

D96N bacterio-opsins (D96N-BOs) were prepared by photo-bleaching of the corre-
sponding D96N-BR in hydroxylamine solution (500 mM, pH 7) at 4 °C under white light
illumination for one day. Isotopically labeled regenerated [20-'3C, 14-13C]retinal-D96N-BRs
were obtained by the addition of [20-13C, 14-13C]retinal to the D96N-BOs obtained from
bleached D96N-BR in a process termed in vitro retinal reconstitution [47]. Retinal bleaching
and reconstitution were confirmed by measuring the absorbance of D96N-BR.

All BR samples were then suspended in 5 mM N-(2-hydroxyethyl)piperazine-N"-2-
ethan sulfonic acid (HEPES) buffer and 10 mM NaCl at pH 7. For NMR measurements,
5 mM Tris buffer with 300 mM NaCl at pH 9.0 was used.

2.2. Methods
2.2.1. 13C and !N Solid-State NMR Experiments

High-resolution solid-state '>C and >N NMR spectra were recorded by cross polarization-
magic angle spinning (CP-MAS) on a Chemagnetics CMX-400 Infinity FT-NMR spectrome-
ter operated at 100.1 MHz for 13C, 40.3 MHz for '°N and 398.1 MHz for 'H. The spinning
frequency was set at 4 kHz, and the probe temperature was kept at 20, —20, —30 and
—60 °C using a temperature controller. The 1*C chemical shifts were externally referenced
to 176.03 ppm of glycine carbonyl carbon with respect to the tetramethylsilane (TMS) signal
at 0 ppm. The N chemical shift value was referenced to 11.59 ppm of the amino nitrogen
of glycine as an external reference that corresponds to °NH4NOj3 at 0 ppm.

2.2.2. In Situ Photoirradiation Solid-State NMR Experiments

In situ photoirradiation was carried out using an optical fiber from outside the magnet
through a tightly sealed cap made of a glass rod glued to a zirconia rotor (Figure S1).
Photoirradiation was performed from the top of the spinner without touching the optical
fiber to the glass cap of the rotor [37,38]. In this system, MAS operates under photo-
illumination to generate high-resolution solid-state NMR signals. Thus, the MAS frequency
was set at 4 kHz. The tip of the glass cap was inserted deeply and was ground to cast the
light in random directions, including perpendicular to the glass rod. This allows the light
to penetrate into samples that form a film on the inner wall from top to bottom of the rotor
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in which the absorbance is quite uniform and high (Figure S1). Using a CMX-400 Infinity
NMR spectrometer equipped with this photoirradiation system, we were able to irradiate
samples in the rotor with 100 mW green LED light (520 nm) and 50 mW UV LED light
(365 nm) sources [37,38].

In the NMR measurements, a CP pulse sequence was used with a contact time of
1 ms, followed by acquisition with a 50 kHz TPPM proton decoupling pulse [48]. Typically,
20,000 transients were accumulated for the dark condition and light illumination with
520 or 365 nm LED light.

2.2.3. Observation of Photo-Intermediates and Photoreaction Pathways of BR

In the first step, the photoreaction pathways of the dark-adapted (DA) state which
consists of AT and CS states of BR with a molar ration of ~ 1:1, were observed under dark
conditions (D1) and subsequently observed under photo-illumination conditions (L1). In
this experiment, the photoreaction pathways starting from the AT and CS states can be
observed simultaneously. In the second step, the photo-reaction pathways of the light-
adapted (LA) state, which consists of only the AT state, were observed, so the photoreaction
pathway starting from the AT state alone can be clearly observed.

When BR is irradiated with green LED light, retinal absorbs the light energy and is
excited from the AT state to the K intermediate and then subsequently relaxes to the L, M,
N and O intermediates and finally returns to the AT state; this pathway is referred to as
the photocycle (Figure 1B). It has been reported that the N intermediate exhibits a longer
half-life in BR at —20 °C [27]. In this case, the N intermediate can be trapped in a stationary
phase under continuous light illumination, as the light-activated production rate of the N
intermediate is possibly faster than the relaxation decay rate. Thus, in a photocycle system,
the photo-activation pathway of BR can be observed by accumulating the 13C CP-MAS
NMR spectra initially under a dark condition (D1) and subsequently under irradiation
with green LED light (L1) using the same acquisition parameters. The differences in spectra
(L1-D1) between the dark (D1) and green light (L1) conditions provide a background-
free spectrum, and photo-reacted 20-13C and 14-'3C retinal signals distinctively appeared
without protein and lipid signals, in which the reactant species exhibit negative peaks
and the product species exhibit positive peaks. Thus, the signal assignments of photo
intermediates and photoreaction pathways can be clearly characterized by inspecting the
differences in spectra.

The retinal configuration of photo-intermediates can be determined by observing
[20-13C]retinal-WT-BR and [20-13C, 14-13C]retinal-D96N-BR. Chemical shift values of
[20-13C]retinal distinguish between 13-trans and 13-cis, and [14-13C]retinal distinguishes
between 15-anti and 15-syn configurations.

3. Results and Discussion
3.1. Photoreaction Pathway of [20-'3Clretinal-BR under Illumination with Green Light at 20 °C

The DA state of BR was prepared by keeping the sample in the dark at 20 °C for
one day. Afterward, 13C CP MAS NMR spectra of [20-13C]retinal-BR in the DA state
were observed in the dark at 20 °C as shown in Figure 2A(D1). A CS signal appeared at
22.1 ppm and an AT signal appeared at 13.1 ppm (Table 1) with an intensity ratio of 1:1.
When illuminating with green light, the CS signal decreased and the AT signal increased
(Figure 2A(L1)). The difference in spectra between L1 and D1 is shown in Figure 2A(L1-D1).
As mentioned in the Methods section, a negative peak represents reactant species (CS state)
and a positive peak represents product species (AT state). Thus, the CS state converted
completely to the AT state upon illumination with green light at 20 °C to produce an LA
state (L1). After the sample was subsequently kept in the dark for one day, NMR signals
were acquired to observe the DA state, as shown in Figure 2B(D2). Consequently, the
difference in spectra between D2 and L1 was obtained, as shown in Figure 2B(D2-L1) which
shows that one-half of the AT state changed to the CS state. In summary, only the CS state
in the DA state changed to the AT state to produce the LA state under illumination with

26



Membranes 2022, 12,279

green light, and one-half of the AT state in the LA state changed to the CS state to produce

the DA state under dark conditions.
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Figure 2. (A) Photo reaction pathway of [20-13C]retinal-WT-BR under green light (520 nm) illumina-
tion at 20 °C. 13C CP-MAS NMR spectra were recorded in the dark (D1; 20-13C) and under green
light (L1; 20-'3C), and the difference in spectra between L1 and D1 (L1-D1; 20-'3C) indicated that the
CS state changed to the AT state. (B) Photoreaction pathway in the dark after green light illumination
at 20 °C. 13C CP-MAS spectra were recorded under green light (L1; 20-13C) and in the dark one day
after L1 (D2; 20-13C), and the difference in spectra between D2 and L1 (D2-L1; 20-13C) indicated that

the AT state changed to the CS state.

Table 1. 13C and 1N chemical shift values (ppm) of individual states of [20-13C, 14-13C]-retinal and

[a-15N]Lys—bacteriorhodopsin(WT—BR) and D96N-BR.

Protein State Temp. 20-13C 14-3C  [¢-®N]Lys*'®  Configuration
WT-BR AT(BR568) 20°C 13.1 all-trans
-20°C 13.3 all-trans
CS(BR548) 20 °C 2.1 13-cis
—20°C 22.3 13-cis
CS* —20°C 19.6 13-cis
N —-20°C 19.8 13-cis
D96N AT(BR568) —30°C 13.1 121.8 all-trans
—60 °C 148 all-trans
CS(BR548) —-30°C 22.6 110.1 13-cis, 15-syn
—60°C 153 13-cis, 15-syn
CS* -30°C 20.0 115.8 13-cis
M —-30°C 20.0 124.1 13-cis, 15-anti
—60 °C 300 13-cis, 15-anti
L —-30°C 18.6 115.8 13-cis,

CS*: State of intermediate that is transformed from CS state under green light illumination.
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3.2. Photoreaction Pathways of [20-"3Clretinal-BR under Illumination with Green Light at —20 °C

After the WT-BR was kept in the dark at 20 °C for one day to produce the DA state, the
13C CP-MAS NMR spectrum of [20-13C]retinal-WT-BR was observed in the dark at —20 °C
as shown in Figure 3A(D1). CS and AT signals appeared at 22.3 and 13.3 ppm, respectively,
in the dark-adapted (DA) state (Table 1). A signal (*) appearing at 20.0 ppm was assigned
to the alkyl carbons of lipids in the PM. Subsequently, Figure 3A(L1) was recorded under
illumination with green light at —20 °C to observe the photoreaction of WT-BR from the
DA state. The CS state was significantly reduced, and * signals increased significantly.
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Figure 3. (A) Photo reaction pathway of [20-13C]retinal-WT-BR under green light (520 nm) illumina-
tion at —20 °C. '3C CP-MAS NMR spectra were recorded in the dark (D1; 20-3C) and subsequently
under green light (L1; 20-13C), and the difference in spectra between L1 and D1 (L1-D1; 20-13C)
indicated that the CS state changed to the CS* intermediate. (B) Photoreaction pathway in the dark
after green light illumination at —20 °C. 13C CP-MAS NMR spectra were recorded under green light
(L1; 20—13C) and subsequently in the dark after L1 (D2; 20—13C), and the difference in spectra between
the D2 and L1 spectra (D2-L1; 20-13C) indicated that the CS* intermediate changed to the AT state.
(C) Photoreaction pathway under green light illumination at —20 °C after the D2 state. 13C CP-MAS
NMR spectra were recorded in the dark (D2; 20-3C) after L1 and subsequently under green light (L2;
20-13C), and the difference in spectra between L2 and D2 (L2-D2; 20-13C) indicated that the AT state
changed to the N intermediate.

Figure 3A(L1-D1) shows the difference in spectra between L1 and D1 and indicates
that the positive major signals of the CS* intermediate appeared at 19.6 ppm, and a positive
minor signal of the N intermediate appeared at 19.8 ppm at —20 °C; these were not present
at 20 °C. Specifically, the CS state is transformed to the CS* intermediate under green
light illumination. The CS* intermediate forms a 13-cis configuration in reference to the
chemical shift value of 20-13C as shown in Table 1. Thus, we demonstrated that the 13C
NMR signal of the short-lived CS* intermediate could be observed in a stationary state at
—20 °C using in situ photoirradiation solid-state NMR. Simultaneously, the N intermediate
was transformed from the AT state during the AT photocycle as described later.

After illumination with green light, signals were acquired in dark conditions (Figure 3B(D2)).
We found that the CS* and N intermediates were reduced, and the AT state was increased.
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Thus, the difference in spectra between D2 and L1 (Figure 2B(D2-L1)) clearly shows that
the CS* and N intermediates were converted to the AT state to produce an LA state (D2).

This LA state was again illuminated with green light to observe the AT photocycle
independently, as shown in Figure 3C(L2). The difference in spectra between L2 and
D2 (Figure 3C(L2-D2)) indicates that a small fraction of the AT state converted to the N
intermediate at 19.8 ppm. This result indicates that the AT photocycle exists, although only
the N intermediate was trapped at —20 °C. However, the other intermediates (K, L, M and
O) could not be detected at —20 °C, because their half-lives are too short to be detected
using in situ photoirradiation solid-state NMR. It is thus noted that transition from the AT
state to the N intermediate occurred in the process from D1 to L1. This result makes it clear
that a positive peak at ~19.6 ppm (CS*) in Figure 3A(L1-D1) overlapped with the peak of
the N intermediate at 19.8 ppm. In addition, the leakage process from the CS* to AT state
coexisted under green light illumination. This resulted in an NMR peak for the AT state
that apparently did not change, as shown in Figure 3A(L1-D1).

In the CS photocycle, the CS state changed to the CS* intermediate under illumination
with green light, and simultaneously the CS* intermediate partly changed to the AT state in
the leakage process from the CS photocycle (Figure 4B). Subsequently, the CS* intermediate
changed to the AT state in the dark to produce the LA state. In the AT photocycle, although
the AT state changed to the K, L, M, N, and O intermediates and finally changed to the
AT state at —20 °C, only the N intermediate was detected by in situ photoirradiation solid
state NMR.
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Figure 4. (A) '3C CP-MAS NMR spectra of [20-'3C]retinal-BR under varying temperatures. Blue
spectra were recorded in the dark for the LA state (retinal takes the AT configuration), and red spectra
were recorded under green light illumination. The AT state changed to the N intermediate at —20 °C
and to the N and M intermediates at —30 and —35 °C. (B) Photoreaction cycle of BR. In the AT
photocycle, only the N-intermediate was detected. In the CS photocycle, the CS state was transferred
to the CS* intermediate under green light illumination and consequently changed to the AT state
upon dark exposure through a leakage process from the CS* intermediate to the AT state. (K), (L) and
(O) intermediates were not detected using in situ photo-irradiation solid-state NMR.
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As shown in Figure 4A, in the AT photocycle, the trapped fraction of the N intermedi-
ate is significantly increased at a temperature lower than —20 °C. It has been reported that
the M-intermediate significantly appears at a temperature lower than —20 °C and pH 10
and that 60% of the AT state converted to the M intermediate at —30 °C [27]. Considering
this previous report, we revealed that the M intermediate significantly increased at 19.8
ppm in addition to the N intermediate at —30 °C. Furthermore, 85% of the AT state con-
verted to the M and N intermediates at —35 °C. This may cause a slightly higher field shift
of the (N+M+*) signal at —35 °C.

3.3. Photo-Reaction Cycle of [20-"3C]retinal-BR

In situ photoirradiation solid-state NMR experiments demonstrated that unstable
intermediates can be observed in a stationary state in real-time under photo-illumination.
In the CS photocycle, the CS state is not directly converted to the AT state, but is converted
through the CS* intermediate to the AT state under green light illumination, as shown in
Figure 4B. The NMR signal of the CS* intermediate was observed for the first time in the CS
photocycle of WT-BR using in situ photoirradiation solid-state NMR. At —20 °C, the CS*
intermediate became a major component under green light illumination. As summarized
in Table 1, the chemical shift value of the CS* intermediate is 19.6 ppm and that of CS is
22.3 ppm for (20-13C), thus the CS* intermediate has the same (13-cis) configuration as the
CS state, although it differs slightly. In the active photocycle starting from the AT state
(AT photocycle), photo-intermediates (K, L, M, N, O) could not be detected at 20 °C using
in situ photoirradiation solid-state NMR because of their short half-lives. However, the
N intermediate could be trapped at —20 °C, which is the only intermediate previously
reported to be trapped at that temperature [26,27]. The fraction of the N+M intermediate
significantly increased at a temperature lower than —20 °C, because the M intermediate
starts appearing at below —20 °C and dominated at —30 °C.

A summary of the photocycle starting from the DA state is given in Figure 4B. Upon
photoirradiation of the DA state, the CS state transforms to the CS* intermediate in the CS
photocycle under green light illumination, and the CS* intermediate partly transformed
through a leakage process from the CS photocycle. Simultaneously, the AT state undergoes
a photocycle through the K, L, M, N, and O intermediates; however, only the N and M
intermediates could be observed using in situ photoirradiation NMR at a temperature
lower than —20 °C. Next, we attempted to observe the M intermediate using D96N-BR,
which has a longer half-life of the M intermediate than WT-BR.

3.4. Photo-Reaction Pathways as Revealed by [20-'3C, 14-13Clretinal-DI6N-BR under Green Light
Illumination from the DA to LA State at —30 °C

The DA state of D96N-BR was prepared by keeping the sample in the dark at 20 °C
for one day. Afterward, the '3C CP MAS NMR spectra of [20-13C, 14-13C]retinal-D96N-
BR in the DA state were observed in the dark at —30 °C as shown in Figure 5A(D1). In
the D1 spectrum, AT and CS signals of [20-1*C and 14-!3C] retinal appeared at (13.1 and
121.8 ppm) and (22.6 and 110.1 ppm), respectively. Figure 5A(L1) shows the 1*C CP-MAS
NMR spectrum of [20-13C, 14-13C]retinal-D96N-BR under illumination with green light
(L1). In the L1 spectrum, the AT and CS signals were significantly reduced, and the signals
around 20 ppm were increased.
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Figure 5. (A) Photoreaction pathways of [20-13C, 14-13C]retinal-D96N-BR under green light (520 nm)
illumination at —30 °C. 13C CP-MAS NMR spectra were recorded in the dark (D1; 20-13C and 14-13C)
and then under green light (L1; 20-13C and 14-13C), and the difference in spectra between L1 and D1
(L1-D1; 20-13C and 14-'3C) indicated that the AT state changed to the M and L intermediates and
the CS state changed to the CS* intermediate. (B) Photo reaction pathway of [20-13C, 14-13C]retinal-
D96N-BR in the dark after green light illumination at —30 °C. '3C CP-MAS NMR spectra were
recorded under green light (L1; 20-13C and 14-13C) and then in the dark (D2; 20-13C and 14-13C),
and the difference in spectra between D2 and L1 (D2-L1; 20-13C and 14-13C) indicated that the CS*
intermediate changed to the AT state and the M and L intermediates changed to the AT state.

The difference in spectra between L1 and D1 (Figure 5A(L1-D1)) indicated that the CS
and AT peaks are negative, and the CS* (20.0 ppm; 20-13C, 115.8 ppm; 14-13C), M (20.0 ppm,
124.1 ppm) and L (18.6, 115.8 ppm) intermediate peaks are positive. The M intermediate
was assigned by comparing the 1*C chemical shift value of 20->C and 14-13C with those
previously reported for the M-intermediate [31,37] (Table S1). It has been reported that an
N intermediate is not observed in D96N-BR, because the proton donor D96 is replaced by
N96 [22-25]. Therefore, another peak was assigned to the L intermediate and the chemical
shifts agree with previously reported values [31] (Table S1). These results clearly indicate
that the CS state is mostly converted to the CS* intermediate under green light illumination
at —30 °C. At the same time, the AT state is converted to the L and M intermediates.
Notably, the L, M, and CS* intermediates with short half-lives were observed in real time
as stationary states using in situ photoirradiation solid-state NMR. It is thus revealed that
the CS state is not directly converted to the AT state, but is converted through the CS*
intermediate similar to the case of WT-BR at —20 °C (as described in Section 3.2).

After green light illumination, the NMR signals were observed in subsequent dark
condition (Figure 5B(D2)) which may produce a LA state. The difference in spectra be-
tween D2 and L1 is shown in Figure 5B(D2-L1). The spectra clearly indicate that all CS*
intermediate were converted to the AT state, and, L and M intermediates were converted
to the AT state to form the LA condition, which consists entirely of the AT state.
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3.5. Photoreaction Pathways as Revealed by [14-13C, 20-13Clretinal-DI6N-BR under Green Light
Illumination from LA (D2) to DA (D3) States

Figure 6A (D2) shows the 13C CP-MAS NMR spectrum of the LA state, in which all
retinal assumes the AT state. After green light illumination, the AT state was reduced and
the L and M intermediates were increased (L2). Figure 6A(L2-D2) shows the difference
in spectra between L2 and D2 for [20-13C, 14-13C] retinal-D96N-BR at —30 °C. It can be
clearly seen that the AT state is transformed to the L and M intermediates during the
AT photocycle.
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Figure 6. (A) Photo reaction pathways of [20-'>C, 14-13C]retinal-D96N-BR under green light illumi-
nation from the light-adapted D2 condition at —30 °C. 13C CP-MAS NMR spectra were recorded in
the dark (D2; 20-13C and 14-13C) and then green light (L2; 20-13C and 14-13C), and the difference in
spectra between L2 and D2 (L2-D2; 20-'3C and 14-13C) indicated that the AT state changed to the
M and L intermediates. (B) Photoreaction pathways of [20-13C, 14-13C]retinal-D96N-BR in the dark
from the L2 condition at —30 °C. 13C CP NMR spectra were recorded under green light (L2; 20-13C
and 14-13C) and then in the dark (D3; 20-13C and 14-13C), and the difference in spectra between D3
and L2 (D3-L2; 20-13C and 14-13C) indicated that the M and L intermediates changed to the AT state.

Figure 6B(L2) shows the '3C CP-MAS NMR signal of [20-13C, 14-13C]retinal-D96N-BR

—30 °C under green light illumination as the LA state. Following green light illumination,

NMR signals were recorded in the dark (D3). Figure 6B(D3-L2) shows the difference in

spectra between D3 and L2. The results revealed that the L and M intermediates were

reduced, and the AT state was increased. This shows that the L and M intermediates

are transformed to the AT state. As the CS state does not exist in the LA state, the CS*
intermediate did not appear in this process.

3.6. Photoreaction Pathways as Revealed by [20-13C, 14-'3C]retinal-D96N-BR under UV Light
HNlumination following Green Light Illumination

After green light illumination, the L2 spectrum was recorded and found to mainly
contain the L and M intermediates, as shown in Figure 7A(L2). Subsequently, the L2 state
under green light illumination was changed to illumination with UV light, as shown in
Figure 7A(UL). The difference in spectra between UL and L2 is shown in Figure 7A(UL-L2).
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The L and M intermediates decreased and the AT state increased. The spectral difference
between UL and L2 for [20-'3C, 14-"*C]retinal-D96N-BR indicated that the M intermediate
was reduced more significantly than the L intermediate; this is more clearly seen in the
spectrum for [14-13C]retinal-D96N-BR (Figure 7A(UL-L2)), where the L intermediate did
not completely disappear. Consequently, following UV light illumination, the spectrum
in the dark (D4) was acquired, as shown in Figure 7B(D4). Figure 7B(D4-UL) shows the
difference in spectra between D4 and UL, which indicated that the remaining L intermediate
transformed to the AT state and the M intermediate did not remain. This result indicates that
there is a direct pathway from the M intermediate to the AT state by UV light illumination.
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Figure 7. (A) Photoreaction pathway of [20-13C, 14-13C]retinal-D96N-BR under UV light (365 nm)
illumination after green light illumination at —30 °C. 13C CP-MAS NMR spectra were recorded
under green light (L2; 20-13C and 14-13C) and then under UV light (UL; 20-13C and 14-13C), and the
difference in spectra between UL and L2 (UL-L2) indicated that the M-intermediate changed more
significantly to the AT state compared to the L intermediate. (B) Photoreaction pathway of [20-13C,
14-13C]retinal-D96N-BR in the dark after UV light illumination at —30 °C. 13C CP-MAS NMR spectra
were recorded under UV light (UL; 20-13C and 14-13C) and then in the dark (D4; 20-13C and 14-13C),
and the difference in spectra between D4 and UL (D4-UL; 20-13C and 14-13C) indicated that the L
intermediates changed to the AT state, and a small amount of the M-intermediate also changed to the
AT state.

3.7. Photo-Reaction Pathways as Revealed by [e-°N]Lys?'®-DI6N-BR

Figure 8A shows the 1N CP-MAS NMR spectra of [e-!"N]Lys-D96N-BR in the dark
state (black line) and under illumination with green light (green line) at —60 °C. In the black
line spectrum, the AT state appeared at 148 ppm and the CS state appeared at 153 ppm,
which were assigned according to the previously reported >N chemical shift values of
[e-1°N]-Lys?!6-WT-BR* (Figure 8A black line and Table S1). After illumination with green
light, the protonated [e-°N]-Lys?!® NMR signal of the AT and CS states decreased and
the signal of the deprotonated [¢-!°N]-Lys?'® at 300 ppm increased, which was assigned
to the M intermediate. The difference in the spectra between the green and black lines
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(Figure 8A(bottom)) shows that the AT state (negative peak) converted to the M intermedi-
ate (positive peak). As the signal of the M intermediate appeared at 150 ppm lower field
than those of the CS and AT states which form an protonated SB with [e-1°N]-Lys?!¢, the M
intermediate forms the deprotonated SB bond with [e-!N]Lys?!®, which is in agreement
with the previously reported chemical shift values of [e-'°N]Lys?!® in a photo-excited M
intermediate under green light illumination [30] (Table S1).
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Figure 8. (A) >N CP-MAS NMR spectra of [e-">N]Lys-D96N-BR were recorded at —60 °C in the dark
(black line) and under green light illumination (green line), and the difference in spectra between
the black line and green lines was obtained as shown in the bottom line. The difference spectrum of
[e-15N]Lys?!'6-D96N-BR indicated that the AT state changed to the M intermediate. (B) Photoreaction
cycle of D96N-BR. In the AT photocycle, the L and M intermediates were detected, and the M
intermediate directly changed to the AT state. In the CS photocycle, the CS state was changed to the
CS* intermediate and then to the AT intermediate. (K), (N) and (O) intermediates were not detected
using in situ photoirradiation solid-state NMR.

3.8. Photo Reaction Pathways in the DI6N-BR Mutant

When DA (D1) D96N-BR was illuminated with green light, the CS state transformed
to the CS* intermediate, which was stable at —30 °C and gradually transformed to the AT
state through a leakage pathway from the CS* intermediate to the AT state. Therefore, the
CS state is not directly transformed to the AT state, but passes through the CS* intermediate
and subsequently changes to the AT state. Simultaneously, the AT state changed to the L
intermediate then subsequently changed to the M intermediate during the AT photocycle.
The M intermediate did not change to the N intermediate, instead changing to the AT state.
The M intermediate is further directly excited to the AT state by UV light illumination
(Figure 8B). A previous report showed that the back reaction from the M intermediate to the
AT state under UV light illumination is significant for WT-BR, though not for D96N-BR [49].
Further work is therefore needed to clarify the existence of a photo reaction pathway from
the M intermediate to the AT state under UV light illumination for D96N-BR.
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Chemical shift values of the CS* intermediate appeared at 20.0 and 115.8 ppm for
20-13C and 14-13C, respectively. By comparing the chemical shift values of CS (22.9 ppm,
110.1 ppm), the CS* retinal configuration can be determined to be the 13-cis retinal configu-
ration as shown in Table 1. Chemical shift values of the M intermediate were determined to
be 20.0 ppm for 20-13C and 124.1 ppm for 14-13C, and it was assigned to the 13-cis, 15-anti
retinal configuration. Chemical shift values of the L intermediate were determined to be
18.6 ppm for 20-13C and 115.6 ppm for 14-'>C and it was assigned to the 13-cis retinal
configuration, which agrees well with the previously reported chemical shift values for the
L intermediate (Table S1) [31].

4. Conclusions

The 13C CP/MAS NMR signals of [20-13C]retinal-BR and [20-13C, 14-13C]retinal-DI6N-
BR were measured under green light illumination. The photochemical reaction pathway
for [20-1*C]retinal-BR was investigated by illuminating with green light at 20 °C. We clearly
observed that the CS state was completely converted to the AT state to produce the LA
state. Following exposure to a dark state for one day, half of the AT state converted to the
CS state to produce the DA state. In the next step, D1(DA) was illuminated with green
light at —20 °C. We observed that the CS state was converted to the CS* intermediate.
This result indicates that the CS state is not directly converted to the AT state by green
light illumination at —20 °C, but is converted to the AT state via the CS* intermediate.
After green light exposure, the 13C CP-MAS NMR spectra were acquired in the dark. In
this photoreaction pathway, the CS* intermediate was converted to the AT state, which
produced an LA state. This LA state was illuminated with green light at —20 °C, and the AT
state partly converted to the N intermediate through the AT photo cycle; the M intermediate
significantly increased at temperatures lower than —20 °C Figure 4B summarizes the WT-BR
photocycle obtained in this work.

Photoreaction pathways were observed for [20-13C, 14-1*C]retinal-D96N-BR by green
light illumination at —30 °C. We observed that the CS state was converted to the CS*
intermediate and then changed to the AT state in the dark, and the AT state converted
to the M and L intermediates, because the half-lives of the M and L intermediates are
significantly increased in D96N-BR. The M and L intermediates were converted to the
AT state in the dark to produce the LA state. This LA state (full AT state) was converted
to the M and L intermediates, but not the CS* intermediate under green light exposure
because the CS state does not exist in the LA state. We demonstrated that the unstable
CS*, L and M intermediates could be observed in a steady state under illumination with
green light at —30 °C. Also, the M intermediate was directly excited to the AT state by
UV light. Thus, a photo-reaction pathway exists from the M intermediate to the AT state
under illumination with UV light. The photocycle of D96N-BR obtained in this work is
summarized in Figure 8B.

The present study demonstrates that in situ photoirradiation solid-state NMR is a
powerful means to detect NMR signals in short-lived photo-intermediates in the DA and LA
states of WT-BR and D96N-BR. In the CS photocycle, NMR signals of the CS* intermediate
were stationarily detected in WI-BR and D96N-BR for the first time. In the AT photocycle,
N and M intermediates were stationarily detected in WT-BR at —30 °C, and the L and M
intermediates were stationarily detected in D96N-BR at —30 °C. Thus, not only the retinal
structure but also the protein structures of photo-intermediates can be determined using in
situ photoirradiation solid-state NMR spectroscopy.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/
10.3390/membranes12030279 /s1. Table S1. 13C and '°N chemical shift values (ppm) of individual
states of [20-13C, 14-13C]-retinal and [s—l5N]Lys—bacteriorhodopsin(BR) and Y185F-BR reported in the
literature. Figure S1. Schematic diagram of the in situ photoirradiation solid state NMR spectrometer.
Figure S2. Full scale 13C CP-MAS NMR spectra of [Tyr13CO] and [20-13C, 14-13C]retinal-D96N-BR
were recorded in the dark (D1; dark-adapted state) and then under green light (L1) illumination at
—30 °C. Figure S3. Full scale 13C CP-MAS NMR spectra of [Tyr13CO] and [20-13C, 14-13C]retinal-
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D96N-BR were recorded in the dark (D2; light-adapted state) and then under green light (L2)
illumination at —30 °C.
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Abstract: Multidrug and toxic compound extrusion (MATE) transporters in eukaryotes have been
characterized to be antiporters that mediate the transport of substrates in exchange for protons.
In plants, alkaloids, phytohormones, ion chelators, and flavonoids have been reported to be the
substrates of MATE transporters. Structural analyses have been conducted to dissect the functional
significance of various motifs of MATE proteins. However, an understanding of the functions of
the N- and C-termini has been inadequate. Here, by performing phylogenetic analyses and protein
sequence alignment of 14 representative plant species, we identified a distinctive N-terminal poly-
glutamate motif among a cluster of MATE proteins in soybean. Amongst them, GmMATE4 has the
most consecutive glutamate residues at the N-terminus. A subcellular localization study showed
that GmMATE4 was localized at the vacuolar membrane-like structure. Protein charge prediction
showed that the mutation of the glutamate residues to alanine would reduce the negative charge at
the N-terminus. Using yeast as the model, we showed that GmMATE4 mediated the transport of
daidzein, genistein, glycitein, and glycitin. In addition, the glutamate-to-alanine mutation reduced
the isoflavone transport capacity of GmMATE4. Altogether, we demonstrated GmMATE4 as an
isoflavone transporter and the functional significance of the N-terminal poly-glutamate motif of
GmMATEA4 for regulating the isoflavone transport activity.

Keywords: multidrug and toxic compound extrusion (MATE) transporter; proton motive force;
proton gradient; poly-glutamate motif; acidic amino acid; isoflavone; legume; soybean

1. Introduction

Multidrug and toxic compound extrusion (MATE) transporters are a family of active
membrane transporters generally consisting of 12 transmembrane domains (TMDs) [1].
The 1st to the 6th TMDs are usually termed as the N-lobe while the 7th to the 12th TMDs are
usually termed as the C-lobe [2,3]. MATE transporters have been reported to be localized
at membranes including plasma, vacuolar, and mitochondrial membranes, the chloroplast
envelope, and the surface of small vesicles [1]. In prokaryotes, MATE transporters transport
the substrate across the membrane in exchange for Na* or H*, while in eukaryotes, they
tend to transport the substrate in exchange for H* only [4]. The electrochemical gradient
across the membrane drives the transport of the substrate. Structurally, MATE proteins
are generally characterized by the typical 12 TMDs [5]. However, the different amino acid
residues of different MATE proteins enable different substrate specificities [1,6,7]. In plants,
MATE transporters have been reported to be responsible for the movement of alkaloids,
phytohormones, ion chelators, and flavonoids including anthocyanins and isoflavones
across membranes [1,6-9]. The transport direction is largely associated with the nature
of the substrate to be transported. For example, it has been reported that GmMATE1 and
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GmMATE2 mediate the transport of isoflavones into the vacuole for storage [7]. In plant
genomes, MATE genes usually compose a big family. For example, in studies reporting
genome-wide identification of MATE genes, 117, 67, 53, 56, and 40 MATE genes were
identified in Glycine max, [10], Solanum lycopersicum [11], Oryza sativa [12], Arabidopsis
thaliana [13], and Medicago truncatula [9], respectively. The need to transport various
metabolites by MATE proteins with different substrate specificities may be the possible
reason behind the big MATE families in plants.

Research has been done to understand the protein structure of MATE transporters
and the roles of the various domains within that structure. For example, it was found that
the protonation of acidic amino acid residues at the C-lobe of the transmembrane domain
of AtDTX14 (Arabidopsis thaliana detoxification efflux carrier 14) resulted in a structural
change in the transmembrane helix 7, and thus, regulated the transport mechanism [2].
It was also suggested that the binding of protons at these acidic residues played a role in
the coupling of the proton-motive force to regulate the substrate transport [2]. Previous
studies also suggested the importance of the N-terminal domain (NTD) in substrate and
ion binding [3,14]. Based on the crystal structure of the MATE protein from Bacillus
halodurans (DinF-BH), it has been reported that D40 in TMD1 was the key cation-binding
residue, which also bound to the substrate to be transported [3]. The D40N mutation led
to drastically reduced binding of the drug to be transported, and the ability of the MATE
protein to release H* upon drug binding was abolished [3].

Most research has focused on studying the structural importance of the TMDs. How-
ever, the non-transmembrane domains of these transporters, i.e., the N-terminal tail and
the C-terminal tail, also play significant regulatory roles. It has been reviewed that the
N- and the C-terminal tails of transporters are involved in other aspects of the regulation
of the transporter proteins, such as the sorting to organelle, ubiquitination and turnover,
and transport activity and substrate specificity [15]. Several transporters have been re-
ported to have conserved N- ad C-termini among a group of organisms [15]. For example,
nucleobase-ascorbic transporters (NATs) have a nearly absolutely conserved sequence in
the N-terminus among fungi [15]. This conserved motif is not found in other organisms
such as prokaryotes, slime molds, protists, plants, or metazoans [15,16]. Another example
is the C-terminus of the yeast amino acid polyamine-organocation (APC) superfamily. It
was found that the C-termini of yeast APCs were more conserved than the N-termini and
were predicted to be involved in the sorting, turnover, palmitoylation, and the formation of
secondary structures of the transporter proteins [15]. However, the degrees of sequence
conservation and the functions of the N- and C-termini of MATE transporters in various
organisms including plants are largely unknown.

Through phylogenetic analyses of MATE proteins from 14 representative plant species,
including those in the Leguminosae family (Arachis ipaensis, Cajanus cajan, Cicer arietinum,
Lotus japonicus, Medicago truncatula, Phaseolus vulgaris, Vigna radiata and Glycine max) and other
non-Leguminosae species (Arabidopsis thaliana, Gossypium hirsutum, Helianthus annuus, Oryza
sativa, Solanum lycopersicum, and Solanum tuberosum), we found clades enriched with MATE
proteins from Leguminosae and a cluster consisting solely of MATE proteins from Glycine max.
MATE proteins from this latter cluster, including GmMATE4 which was previously identified
to be in the overlapping quantitative trait loci (QTLs) regulating the contents of antioxidants,
phenolics, and flavonoids in soybean seeds [17], have a conserved poly-glutamate motif
at the domain predicted to be inside the vacuolar compartment (vacuolar domain) of the
N-terminus. Here, we demonstrated GmMATE4 as an isoflavone transporter and the role of
the poly-glutamate motif in regulating the transport activity of GmMATE4.

2. Materials and Methods

2.1. Phylogenetic Analysis, Protein Sequence Alignment, Topology Prediction, and Protein
Charge Prediction

The protein sequences of MATE family representatives from 14 plant species, includ-
ing Leguminosae (Arachis ipaensis, Cajanus cajan, Cicer arietinum, Lotus japonicus, Medicago
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truncatula, Phaseolus vulgaris, Vigna radiata, and Glycine max) and non-Leguminosae (Ara-
bidopsis thaliana, Gossypium hirsutum, Helianthus annuus, Oryza sativa, Solanum lycopersicum,
and Solanum tuberosum), were retrieved from the NCBI or Phytozome database and used
for gene family clustering. The longest protein sequences of each gene were retained and
all-against-all BLASTP [18] was used to calculate pairwise sequence similarities with a p-value
cutoff of 1 x 1075, Then, the homologous genes were identified by OrthoMCL [19] with
the use of default parameters. The MATE protein sequences were aligned by ClustalW in
MEGAT11 [20]. The topology prediction of MATE proteins was done with the use of Prot-
ter [21]. Then, the N-termini of the MATE proteins were subjected to charge prediction by
Prot-pi [22] using the pKa values based on ProMoST [23] for calculating the isoelectric point.

2.2. Subcellular Localization Study

GmMATE4, GmMATE4A3ala, and GmMATE4A7ala were amplified from pGBKT7ABD-
GmMATE4, pGBKT7ABD-GmMATE4A3ala, and pGBKT7ABD-GmMATE4A7ala as the tem-
plates, respectively, with the use of PrimeSTAR GXL DNA Polymerase (R050B, TaKaRa).
The DNA fragments were subjected to restriction digestion, and then, fused to the 5’ end
of green fluorescent protein (GFP). The fusion constructs were cloned downstream of the
CaMV 35S promoter of the vector V7. The primers and restriction enzymes used are listed
in Supplementary Materials Table S1. Restriction enzymes and T4 DNA ligase used for
cloning were from New England Biolabs.

The plasmids were, then, coated onto gold particles and bombarded into onion epi-
dermis with the use of the Biolistic® PDS-1000/He Particle Delivery System (Bio-Rad,
Hercules, CA, USA), according to manufacturer’s protocol. Each 3 mg of gold particles
(1.0 um diameter, #1652263, Bio-Rad, Hercules, CA, USA) was washed with 1 mL 70%
EtOH by vortexing for 5 min. After that, the gold particles were allowed to be incubated
in the 70% EtOH before being fast spun for 5 s. Then, the supernatant was removed, the
particles were added with 1 mL sterile water by vortexing, and then, the gold particles were
allowed to be incubated in water for 1 min before being spun for 2 s. Then, the supernatant
was removed. The water-wash steps were performed three times. After removing the
supernatant, the washed particles were added with 50 uL sterile 50% glycerol. Then, 5 uL
plasmid DNA (1 mg/mL), 50 uL CaCl, (2.5 M), and 20 uL spermidine (0.1 M) were mixed
with the gold particle by vortexing. After the mixing, the gold particles were allowed to be
incubated in the mixture for 1 min before being fast spun for 2 s. Then, the supernatant was
removed. Without being disturbed, the gold particles were washed using 140 L 70% EtOH,
followed by being washed with 140 uL absolute EtOH. After removing the supernatant,
48 uL EtOH was added to the gold particles. The gold particles were resuspended by
pipetting before the bombardment. All steps were performed at room temperature. For
each bombardment under 1100 psi, 0.75 mg of the gold particles coated with 1.25 pg of
plasmid DNA were used. The onion epidermis was left at room temperature overnight
before being observed using a confocal microscope (Olympus FV1000, excitation 488 nm,
the emission signal was collected between 500 and 545 nm). The images were processed by
a FV10-ASW 4.2 Viewer. The experiment was performed twice. All cells showing the green,
fluorescent signal (>11 cells) from the two experiments showed similar patterns.

2.3. Yeast Isoflavone Uptake Assay

The coding sequence (CDS) of GmMATE4 (Glyma.19G120900) was cloned from a
mixture of cDNAs from the pod and the seed of cultivated soybean (Glycine max) ac-
cession C08, using PrimeSTAR GXL DNA Polymerase (R050B, TaKaRa, Shiga, Japan).
The poly-glutamate motif of GmMATE4 was converted from EEEEEEE to AAAEEEE
(GmMATE4A3ala) or from EEEEEEE to AAAAAAA (GmMATE4A7ala) with the use
of specially designed primers. Then, the DNA fragments were cloned into the vector
pGBKT7ABD [7]. The primers and restriction enzymes used are listed in Table S1. Restric-
tion enzymes and T4 DNA ligase used for cloning were from New England Biolabs. The
plasmids were transformed into the yeast strain Y2HGold (630489, Takara, Shiga, Japan)
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by the LiAc/PEG method [24]. To prepare competent yeast cells, overnight culture of the
yeast strain Y2HGold at stationary phase, grown in YPDA (yeast peptone dextrose adenine)
broth at 30 °C with shaking at 200 rpm, was inoculated to a fresh broth of YPDA at a
1:10 ratio. Then, the inoculated broth was shaken at 30 °C, 200 rpm until OD600 reached
0.4-0.6. After that, the yeast cells were pelleted at 1000x g for 5 min. The supernatant was
removed. Then, the pelleted cells were washed by resuspending with sterile water, pelleted
again at 1000x g for 5 min, with the supernatant removed after centrifugation. The cells
were washed twice with sterile water. After that, the washed cells were resuspended in
TE/LiAc buffer (0.01 M Tris-HCl, 1 mM EDTA, 0.1 M lithium acetate, pH 7.5). The yeast
cells resuspended in TE/LiAc were used as competent yeast cells for transformation. Each
1 mL competent yeast cells resulted from 20 mL overnight yeast culture at stationary phase.
To transform the competent yeast cells, for each construct, 0.1 pg of plasmid was mixed
with 0.1 mg denatured carrier DNA (630440, TaKaRa, Shiga, Japan) and 0.1 mL competent
yeast cells by vortexing. After that, the mixture of plasmid and competent yeast cells was
mixed with 0.6 mL filter-sterile PEG/LiAc solution (40% PEG 4000, 0.01 M Tris-HCI, 1 mM
EDTA, 0.1 M lithium acetate, pH 7.5) by vortexing. Then, the mixture was shaken at 30 °C,
200 rpm, for 30 min. After that, 70 uL DMSO was added to each transformation mixture by
gentle inversion. Then, the mixture was incubated in 30 °C for 15 min, and then, on ice
for 2 min. After that, the yeast cells were pelleted at room temperature, 14,000 rpm, for
5 s. After removing the supernatant, the yeast cells were resuspended in 0.1 mL sterile TE
buffer (0.01 M Tris-HCl, 1 mM EDTA, 0.1 M lithium acetate, pH 7.5) and spread on 1.5%
agar in synthetic dropout medium without tryptophan (SD-Trp) for selection at 30 °C. Two
days after the incubation at 30 °C, the yeast colonies were picked and streaked on a fresh
plate of 1.5% agar in SD-Trp to confirm the selection.

The yeast isoflavone uptake assays were performed, as described previously [7,25]
with slight modifications. Untransformed Y2HGold was compared to GmMATE4-transformed
yeast to rule out that the uptakes of isoflavones in GmMATE4 expressing yeast cells were
solely due to the endogenous yeast proteins. Yeast cells transformed with GmMATE4,
GmMATE4A3ala, and GmMATE4A7ala were used to demonstrate the functional significance
of the poly-glutamate motif. Untransformed Y2HGold (wildtype) was grown in SD-Trp
broth (complement with Trp) to compensate the inability to synthesize tryptophan, while
the transformed yeast cells were grown in SD-Trp broth. The yeast was grown in SD-Trp
broth at 30 °C with shaking at 200 rpm until OD600 of the cells reached 2.0. The cells were
pelleted at 1000x g for 3 min. The cell pellet was washed twice with phosphate-buffered
saline (PBS, pH 7.4) and resuspended in 15 mL PBS (pH 7.4). Each 1 mL aliquot of cells was
treated overnight with 200 uM isoflavone or DMSO only as the mock control at 30 °C with
shaking at 200 rpm. Then, the treated yeast cells were pelleted at 1000x g for 3 min and
washed twice with 50 mM potassium phosphate buffer (pH 7.8). Intracellular metabolites
in yeast cells were extracted with pure methanol by the freeze-thaw method, as previously
described [7,26]. In brief, the cell pellet was mixed with 0.1 g glass powder and 500 pnL
methanol by vortexing. Fifty-micromolar formononetin was added as a spike. Then, the
mixture was frozen in liquid nitrogen and thawed on ice. The freeze-thaw cycle was
performed twice. After that, the mixture was centrifuged at 14,000 x g for 5 min. The super-
natant was filtered through an Acrodisc 13 mm mini spike 0.2 um PVDF filter (4450, Pall
Corporation, Port Washington, NY, USA). The filtered supernatant was analyzed using a
Vanquish Flex UHPLC System with a UV-Diode array detector (Thermo Scientific, Waltham,
MA, USA) and with the use of Acquity BEH C18 reverse-phase column (1 mm x 100 mm,
1.7 um) (186002346, Waters Corporation, Milford, MA, USA). Three microliters of the fil-
tered supernatant were injected into the column with the flow rate maintained at 0.1 mL
min~!. A mixture of ultra-pure water with 0.1% formic acid (v/v) was used as solvent
A while absolute acetonitrile was used as solvent B. Solvent A and solvent B at different
percentages were used to make up 100% composition of the mobile phase. The sample
was eluted with a gradient set at 0-5 min, 10-20% solvent B; 5-10 min, 20-90% solvent
B; 10-20 min, 90% solvent B; 20-20.1 min, 90-10% solvent B; 20.1-25 min, 10% solvent B.
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Different isoflavone species were separated by gradient elution. Since different isoflavone
species have the best solubility at different compositions of solvent A and solvent B, the
elution strategy was to, first, elute isoflavones which are comparatively more soluble in
aqueous solvent then other isoflavone species (0-5 min), and then, elute isoflavones by
progressively increasing the percentage of solvent B (5-10 min). In the first 10 min, most of
the isoflavone species are eluted (Figure S3). After that, the composition of solvent B was
increased to the maximum amount to 90% to elute any molecules remaining in the station-
ary phase (10-20 min). The final step was to increase the composition of solvent A to 90%
(i-e., 10% solvent B) to prepare the column for the next cycle of elution. The identification of
compounds was achieved by comparing the retention times and UV spectra at 260 nm [27].
Vials filled with either standard solutions or samples were kept at 10 °C in the autosampler.
The standards, daidzein (D-101), glycitein (GL-001), genistein (G-103), daidzin (021096),
glycitin (GL-002), genistin (021050), and malonylgenistin (06-1454) were purchased from
Indofine Chemical Company, Inc (Hillsborough, NJ, USA). Malonyldaidzin (PS1633-0010)
and malonylglycitin (139-13831) were purchased from Chengdu Push Bio-Technology Co.,
Ltd (Chengdo, China) and Fujifilm Wako Pure Chemical Corporation (Chuo-Ku, Japan),
respectively. The isoflavones were dissolved in DMSO and stored at —80 °C before use.

3. Results and Discussion
3.1. Phylogenetic and Protein Sequence Analyses of MATE Proteins

In order to gain insights into the structures of MATE proteins, we performed a phy-
logenetic analysis of MATE proteins from 14 representative plant species including some
in the Leguminosae group (Arachis ipaensis, Cajanus cajan, Cicer arietinum, Lotus japonicus,
Medicago truncatula, Phaseolus vulgaris, Vigna radiata, and Glycine max) and others in the
non-Leguminosae group (Arabidopsis thaliana, Gossypium hirsutum, Helianthus annuus, Oryza
sativa, Solanum lycopersicum, and Solanum tuberosum) which have a Benchmarking sets
of Universal Single-Copy Orthologs (BUSCO) index [28] of their genomes higher than
85 (Figure 1). The results show that some clades (clades 1-4) are enriched with MATE
proteins from Leguminosae (Figure 1). Within clade 2, there is a cluster consisting solely of
MATE proteins from Glycine max (Glyma.03G005200, Glyma.03G005400, Glyma.19G120900,
Glyma.03G005300, and Glyma.08G244400). This cluster is indicated by a black bar in clade
2 in Figure 1.

3.2. Identification of the Poly-Glutamate Motif in GmMATE4 by Sequence Alignment

In the cluster within clade 2 that consists solely of proteins from G. max, besides
Glyma.08G244400 being predicted to be a truncated protein (Figure S1), Glyma.03G005200,
Glyma.03G005300, and Glyma.03G005400 were all predicted to have 12 transmembrane
domains (Figure S1). In this cluster, Glyma.19G120900 has been previously identified to
encode a MATE-type protein and was located in the overlapping QTLs regulating the
contents of antioxidants, phenolics, and flavonoids in soybean seeds [17]. By aligning
the protein sequences of these MATE proteins, a conserved poly-glutamate motif with
a varied number of glutamate residues was found in the N-terminus (Figure 2). As a
comparison, GmMATE1 and GmMATE?2, which have also been reported to be located in the
same overlapping QTLs with GmMATE4 [17], were also included in the protein sequence
alignment. Among these MATE proteins, GmMATE4 has the most (seven consecutive)
glutamate residues. Although Glyma.03G005400 has only two glutamate residues in the
motif, it also has an aspartate residue, which is an acidic amino acid as well.
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Species/Abbrv

1. Glyma.03G005200
2. Glyma.03G005400

3. GmMMATE4 (Glyma. 196120900)
4. Glyma.03G005300

Poly-glutamate motif

Figure 2. Alignment of the N-terminal amino acid sequences of Glyma.03G005200, Glyma.03G005300,
Glyma.03G005400, GmMATE4, GmMATE1, and GmMATE2. The alignment of the full protein
sequences is shown in Figure S2. The sequence alignment was done by ClustalW using MEGA11 [20].

3.3. The Effect of the Poly-Glutamate Motif on the Protein Net Charge

Next, we investigated the functional significance of this poly-glutamate motif. Based
on the topology prediction (Figure S2) and using Prot-pi [22], the N-termini of the MATE
proteins (before the first transmembrane domain) were subjected to net charge predic-
tion (Table 1). Since the close homologs, GmMATE1 and GmMATE?2, were previously
characterized to be localized at the vacuolar membrane [7], the net charge prediction was
done at pH 5 or pH 5.5, which is the vacuolar pH [29] (Table 1). To assess the significance
of the long string of consecutive glutamate residues in GmMATE4, mutations were cre-
ated to produce a fragment in which three of the glutamate residues were substituted
by alanine (GmMATE4A3ala) and a fragment in which all the glutamate residues were
substituted by alanine (GmMATE4A7ala). The results showed that, among the MATE
proteins in the cluster, the vacuolar domain of GmMATE4 was the most negatively charged
at pH 5 or pH 5.5 (Table 1). Furthermore, the substitutions of glutamate residues by ala-
nine (GmMATE4A3ala and GmMATE4A7ala) rendered the N-termini positively charged
(Table 1). Next, we wanted to find out whether GmMATE4 is an isoflavone transporter,
like its homolog GmMATE1 and GmMATE2, and whether the alanine substitutions of this
poly-glutamate motif affect the function of GmMATE4.

Table 1. Net charge prediction of the N-termini of MATE-type proteins.

Net Charge of the Vacuolar N-Terminal Region

% of Acidic Amino Acids (No. of Acidic Amino Acids/Total Amino Acids)

pHS5 pH5.5

Glyma.03G005200 +0.773 —037 24.2% (8/33)
Glyma.03G005400 —1.881 —3.245 29.4% (10/34)
Glyma.03G005300 +0.794 0363 23.5% (8/34)
(Glygr;%éTl%ZOO) +0.3 —1.534 27.5% (11/40)
( Glyf;;%g%mm +2.708 +1.426 21.6% (8/37)
(Glyimr;%é?zzée)oo) —0.348 —2.043 33.3% (12/36)
GmMATE4A3ala +1.992 +0.712 25% (9/36)
GmMATE4A7ala +5.113 +4.385 13.9% (5/36)

3.4. Subcellular Localization Study

The close homologs of GmMATE4, GmMATE1, and GmMATE2 were reported to be
localized in the vacuolar membrane [7]. As a confirmation of the subcellular localization
of GmMATE4, GmMATE4A3ala, and GmMATE4A7ala, the genes encoding these proteins
were fused with green fluorescent protein (GFP). The fusion constructs, GmMATE4-GFP,
GmMATE4A3ala-GFP, or GmMATE4A7ala-GFP were coated on gold particles and bom-
barded into onion epidermal cells. The green fluorescence signal was, then, detected using
a confocal microscope. The results showed that GmMATE4-GFP, GmMATE4A3ala-GFP,
and GmMATE4A7ala-GFP were preferably localized in the vacuolar membrane (Figure 3).
Based on the topology prediction and the subcellular localization study, the N-termini
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used for the net charge prediction of GmMATE4, GmMATE4A3ala, and GmMATE4A7ala
(Table 1) were confirmed to be a vacuolar domain.

Fluorescent Brightfield Overlaid

GFP only

GmMATE4
-GFP

GmMATE4
A3ala-GFP

GmMATE4
A7ala-GFP

Figure 3. Subcellular localization study of GmMATE4, GmMATE4A3ala, and GmMATE4A7ala.
GFP was fused to the C-termini of GmMATE4, GmMATE4A3ala, and GmMATE4A7ala. The fusion
construct was cloned downstream of a CaMV 35S promoter in the plasmid V7. The plasmid was
coated onto gold particles, bombarded into onion epidermal cells, and then, observed using a confocal
microscope. Scale bar, 50 um; excitation 488 nm; and the emission signal was collected between 500
and 545 nm. All cells having the green, fluorescent signal (>11 cells) from two biological repeats
showed the same patterns.

3.5. The Transporter Activity of GmMATE4

The close homologs of GmMATE4, GmMATE1, and GmMATE2 were reported to be
isoflavone transporters [7]. To test whether GmMATE4 is also an isoflavone transporter, us-
ing yeast as the model, GmMATE4 was ectopically expressed in yeast cells. Untransformed
yeast cells (wildtype) and GmMATE4 expressing yeast cells were subjected to isoflavone up-
take assays. The yeast cells were treated with individual isoflavones, including aglycones
(daidzein, genistein, and glycitein), isoflavone glucosides (daidzin, genistin, and glycitin),
and malonylated (M-) isoflavones (M-daidzin, M-genistin, and M-glycitin). The results of
the uptake assays showed that, as compared with the wildtype, GmMATE4 expressing yeast
cells had significantly higher amounts of daidzein (Figure 4A), genistein (Figure 4B), and
glycitein (Figure 4C) after the respective isoflavone treatments. When the yeast cells were
treated with glycitin, a significantly higher amount of glycitein was found in GmMATE4
expressing yeast cells as compared with the wildtype (Figure 4D). The chromatograms
showing the detection of isoflavones after all the treatments are shown in Supplementary
Figures S4-S6. The chromatograms of the mock treatment, in which only DMSO but not
any isoflavone was added to the yeast cells, are shown in Supplementary Figure S7.
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Figure 4. Uptake assays of isoflavones. The isoflavones detected in the yeast cells after the treatments
of: (A) daidzein; (B) genistein; (C) glycitein; or (D) glycitin. Error bar: standard error from three
technical repeats. Student’s t test (two-tailed) was performed to compare the isoflavone uptake
capacity between the constructs. **** indicates p < 0.0001. The experiments were performed twice
with similar results.

3.6. The Functional Significance of the Poly-Glutamate Motif on the Transporter Activity
of GmMATE4

The above results suggested that GmMATE4 mediates the uptake of daidzein, genis-
tein, glycitein, and glycitin (Figure 4). Then, we tested the functional significance of
the poly-glutamate motif on the activity of GmMATE4 to transport these isoflavone
species (daidzein, genistein, glycitein, and glycitin). GmMATE4, GmMATE4A3ala, or
GmMATE4A7ala was ectopically expressed in yeast cells for isoflavone uptake assays.
The yeast cells were treated with daidzein, genistein, glycitein, or glycitin. The results
of the uptake assays showed that, as compared with GmMATE4, GmMATE4A3ala and
GmMATE4A7ala had weakened capacities to mediate the transport of daidzein (Figure 5A)
and genistein (Figure 5B). GmMATE4A3ala and GmMATE4A7ala had similar capacities to
mediate the transport of genistein (Figure 5B) but GmMATE4A7ala had even weaker capac-
ity to mediate the transport of daidzein as compared with GmMATE4A3ala (Figure 5A). As
compared with GmMATE4, GmMATE4A3ala had weakened capacity to transport glycitein
(Figure 5C). However, as compared with GmMATE4, GmMATE4A7ala had similar capacity
transport glycitein (Figure 5C). When the cells were treated with glycitin, a significantly
higher amount of glycitein was found in both GmMATE4A3ala expressing yeast cells and
GmMATE4A7ala expressing yeast cells as compared with GmMATE4 expressing yeast
cells (Figure 5D). The chromatograms showing the detection of isoflavones after the treat-
ment of daidzein, genistein, glycitein, and glycitin in GmMATE4, GmMATE4A3ala, or
GmMATE4A7ala expressing yeast cells are shown in Supplementary Figure S8.
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Figure 5. Uptake assays of isoflavones. The isoflavones detected in the yeast cells after the treatments
of (A) daidzein, (B) genistein, (C) glycitein, and (D) glycitin. Error bar: standard error from three
technical repeats. Student’s t test (two-tailed) was performed to compare the isoflavone uptake
capacity between the constructs. **** indicates p < 0.0001. The experiments were performed twice
with similar results.

4. Discussion

Structural analyses have been done to understand the functional significance of each
domain of MATE transporters. However, previous studies have largely been biased towards
understanding the TMDs rather than the N- and C-termini [1-3]. In addition, studies
on other transporter proteins have revealed that the N- and C-termini could also play
important regulatory roles [15].

To improve the understanding of the protein domains of MATE transporters in plants,
MATE transporters from 14 representative plant species, including Leguminosae and
non-Leguminosae, were subjected to phylogenetic analyses (Figure 1). Among the clades
enriched with MATE proteins from Leguminosae, there was a cluster consisting solely of
MATE proteins from G. max (Figure 1). Protein sequence alignment of members in this
cluster showed a motif rich in glutamate residues (Figure 2). This motif is, thus, named a
poly-glutamate motif. The substitution of the negatively charged glutamate residues by
alanine reduced the overall negative charge of this domain as expected (Table 1). Glutamate
residues have been suggested to be involved in proton transport. For example, the D35,
D38, and D144 in the TMDs of AtPHT1;1 (Arabidopsis thaliana phosphate transporter 1;1)
have been reported to play an essential role in proton transfer by forming a conduit that
facilitates proton transport across membranes [30]. The mutation of any of these residues to
alanine hampered the phosphate transport activity [30]. In addition, the glutamate residue,
named gating glutamate (Glugate) and conserved in the CLC (chloride channels) family of
proteins, has been suggested to serve as a gate for proton transit in CLC antiporters [31-34].
The mutation of this glutamate residue to alanine (E148A) in EcCLC (Escherichia coli CLC)
hampered proton transport as compared with the wild type [34]. The mutation of threonine
to glutamate (T269E) in CmCLC (CLC from red algae) promoted proton transport as
compared with the wild type [34]. The above examples show the importance of glutamate
residues in TMDs for promoting proton transport. Despite these findings, the importance of
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glutamate residues in the N- or C-terminus, and the functional significance of consecutive
glutamate residues, remain to be unclear. Nevertheless, based on the above examples, it
could be deduced that glutamate residues play an important role in promoting proton
affinity. In addition, the attraction of proton by the production of polyglutamic acid on the
cell surface has been reported in Bacillus pseudofirmus OF4 cells [35,36]. It was suggested
that such attraction of protons to the cell surface was associated with the formation of
proton motive force across the membrane [36]. It is possible that the polyglutamate motif
of GmMATEA4 plays a similar role in attracting protons to the vacuolar membrane surface.
Previous studies have shown that MATE transporters in eukaryotes are antiporters that
transport their substrates in exchange for H* [4]. The proton gradient across the membrane
drives the transport of the substrate [4]. Therefore, it is logical to deduce that the poly-
glutamate motif of GmMATE4 at the vacuolar domain is associated with the attraction
of protons to the membrane surface, and thus, promote the proton motive force and the
transport of the substrates into the vacuole.

The results of the isoflavone uptake assays were in line with the above deduction.
Similar to GmMATE1 and GmMATE?2, which are close homologs of GmMATE4, Gm-
MATE4 could mediate the transport of isoflavones including daidzein, genistein, glycitein,
and glycitin (Figure 4). The mutation of glutamate residues to alanine (GmMATE4A3ala
or GmMATE4A7ala) reduced the isoflavone transport activity of the mutant proteins
as compared with the native GmMATE4 (Figure 5). Among the substrates being trans-
ported, GmMATE4A3ala or GmMATE4A7ala showed differential capacity to transport
daidzein, with GmMATE4A3ala having a higher transport activity as compared with
GmMATE4A7ala (Figure 5A). It is possible that a further reduction in the net charge of
the N-terminus of GmMATE4A7ala (Table 1) led to a further reduction in the transport
activity. However, such phenomenon was not observed when the cells were treated with
genistein (Figure 5B) or glycitein (Figure 5C). In addition, when the cells were treated with
glycitein, GmMATE4A3ala had reduced transport capacity as compared with the native
GmMATE4, as expected (Figure 5C), while GmMATE4A7ala and the native GmMATE4
had a similar capacity to transport glycitein (Figure 5C). Such observations are possibly
due to the different mechanics of the transport of different substrates and the potential
effects of the mutation on the interaction with other protein motifs. A detailed mechanistic
study would be needed to delineate the regulation.

Similar to GmMATE1 and GmMATE2 [7], which are the close homologs of GmMATE4,
in this study, we showed that GmMATE4 localizes at the vacuolar membrane-like structure
(Figure 3). Together with the isoflavone uptake assays (Figure 4), the results indicated
that GmMATE4 has similar functions as GmMATE1 and GmMATE?2, which were previ-
ously demonstrated to be involved in the storage of isoflavones in the vacuole. However,
the longer consecutive glutamate residues at the vacuolar domain of GmMATE4 as com-
pared with GmMATE1 and GmMATE2 (Figure 2) possibly allows further regulation of the
transporter function.

5. Conclusions

In this study, by the phylogenetic analysis of MATE proteins from 14 plant species, we
identified a cluster consisting of four full-length MATE proteins in soybean. By aligning
the four full-length MATE proteins, a poly-glutamate motif was identified. Among the four
MATE proteins, GmMATE4 has the most consecutive glutamate residues at the N-terminus,
which is the vacuolar domain. Net charge prediction suggested the importance of the
poly-glutamate motif to the negative charge of the N-termini of GmMATE4. In this study,
GmMATE4 was shown to be localized at the vacuolar membrane-like structure. GmMATE4
was also found to mediate the uptake of isoflavones including daidzein, genistein, glycitein,
and glycitin. The mutagenesis and isoflavone uptake assays show that the poly-glutamate
motif of GmMATE4 regulates its activity to transport daidzein, genistein, glycitein, and
glycitin. To the best of our knowledge, this is the first study reporting the isoflavone
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transport activity of GmMATE4 and the functional significance of poly-glutamate motif on
the transporter activity of MATE protein.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/membranes12020206/s1. Figure S1: The predicted transmem-
brane topologies of GmMATE transporters, Figure S2: Alignment of the full protein sequences
of Glyam.03G005200, Glyma.03G005300, Glyma.03G005400, GmMATE4 (Glyma.19G120900), Gm-
MATE1 (Glyma.19G120200), and GmMATE2 (Glyma.19G120300), Figure S3: A UHPLC chromatogram
showing the absorption peaks of the nine isoflavone standards, Figure S4: Representative UHPLC
chromatograms of the detection of isoflavones in the wildtype and GmMATE4 expressing yeast cells
after the treatment with daidzein, genistein, and glycitein, Figure S5: Representative UHPLC chro-
matograms of the detection of isoflavones in the wildtype and GmMATE4 expressing yeast cells after
the treatment with daidzin, genistin, and glycitin, Figure S6: Representative UHPLC chromatograms
of the detection of isoflavones in the wildtype and GmMATE4 expressing yeast cells after the treatment
with malonyl-daidzin, malonyl-genistin, and malonyl-glycitin, Figure S7: Representative UHPLC
chromatograms of the detection of isoflavones after the mock treatment, Figure S8: Representa-
tive UHPLC chromatograms of the detection of isoflavones in GmMATE4, GmMATE4A3ala, or
GmMATE4A7ala expressing yeast cells after the treatment with daidzein, genistein, glycitein, and
glycitin, Table S1: List of primers and restriction enzymes used for cloning.
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Abstract: Chronic low-grade vascular inflammation and endothelial dysfunction significantly con-
tribute to the pathogenesis of cardiovascular diseases. In endothelial cells (ECs), anti-inflammatory or
pro-inflammatory signaling can be induced by different patterns of the fluid shear stress (SS) exerted
by blood flow on ECs. Laminar blood flow with high magnitude is anti-inflammatory, while dis-
turbed flow and laminar flow with low magnitude is pro-inflammatory. Endothelial mechanosensors
are the key upstream signaling proteins in SS-induced pro- and anti-inflammatory responses. Being
transmembrane proteins, mechanosensors, not only experience fluid SS but also become regulated by
the biomechanical properties of the lipid bilayer and the cytoskeleton. We review the apparent effects
of pro-inflammatory factors (hypoxia, oxidative stress, hypercholesterolemia, and cytokines) on the
biomechanics of the lipid bilayer and the cytoskeleton. An analysis of the available data suggests
that the formation of a vicious circle may occur, in which pro-inflammatory cytokines enhance and
attenuate SS-induced pro-inflammatory and anti-inflammatory signaling, respectively.

Keywords: shear stress; inflammation; endothelial cell; lipid bilayer; cytoskeleton; mechanosensor;
atherosclerosis; oxidative stress

1. Introduction
1.1. Blood Flow Patterns and the Pro-Inflammatory Response of Endothelial Cells

Inflammation is a key mechanism affecting endothelial cells (ECs) and leading to
atherosclerosis [1-4]. ECs are subjected to three main hemodynamic forces: hydrostatic
pressure, cyclic stretch, and shear stress (SS). Fluid SS is a frictional force, produced by
blood flow, acting tangentially to the surface of the ECs. Depending on the patterns of
fluid SS acting on ECs, either anti- or pro-inflammatory mechanisms can be triggered in
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ECs. High laminar SS induces an anti-inflammatory response [2,5,6], while low laminar SS
and disturbed patterns of SS, on the other hand, activate pro-inflammatory mechanisms in
ECs [2,3]. The key transcription factors responsible for the low flow-induced inflammatory
response of ECs are activator protein 1 (AP-1), nuclear factor kB (NF-«B) [3], and yes-
associated protein/transcriptional coactivators with a PDZ-binding motif (YAP/TAZ) [7].
The transcription factors Kriippel-like factor 2 (KLF2), myocyte enhancer factor 2 (MEF2)
and nuclear factor erythroid 2-related factor 2 (NRF2) are known to activate an anti-
inflammatory response [3,6].

The molecular pathways leading to inflammation in ECs begin at the endothelial
mechanosensors, one of which is the platelet endothelial cell adhesion molecule-1 (PECAM-
1), which forms a mechanosensory complex with vascular endothelial cadherin (VE-
cadherin) and vascular endothelial growth factor receptor 2 (VEGFR2). The PECAM-
1/VE-cadherin/VEGFR2 complex triggers the activation of the nuclear factor kB (NF-«kB)
transcription factor [8,9]. In this complex, PECAM-1 transmits the mechanical signal,
VE-cadherin is an adaptor protein, and VEGFR2 activates phosphatidylinositol-3-OH
kinase (PI3K) [8]. The activation of the PECAM-1/VE-cadherin/VEGFR2 complex by
SS (12 dyn/cm?) occurs within 15 s, leading to the activation of integrin and integrin-
dependent EC alignment in the direction of flow, and the transient activation of NF-«B [8].
It should be noted that the signaling triggered by VEGF via its receptors can exhibit both
pro-inflammatory and vasculo-protective anti-inflammatory actions. For example, VEGF
participates in angiotensin II (Ang II)-induced vascular inflammation [10], while the local
application of recombinant VEGF or the local VEGF gene transfer to arterial wall ECs in the
hind-limb ischemia model enhanced vascularization and collateral circulation [11,12]. In
mouse aortic ECs (MAECs) and bovine aortic ECs (BAECs), high laminar SS (24 dyn/ cm?)
activates integrins and NF-«B [9]. The seemingly paradoxical nature of that high laminar
SS-activated pro-inflammatory NF-«B can be explained via transient NF-«B activation
(in the case of high laminar SS) versus sustained NF-«kB activation (in the case of oscilla-
tory or disturbed SS) [9]. In human aortic ECs (HAECs), the activation of av[33 integrins
by oscillatory flow promotes NF-«B activation and atherogenesis [13]. Activated NF-«B
induces the expression of pro-inflammatory cytokines, chemokines, and cell adhesion
molecules [14,15]. Likewise, atheroprotective laminar SS induces the inactivation of pro-
inflammatory YAP/TAZ via their phosphorylation-mediated cytoplasmic retention in
ECs [7]. On the other hand, oscillatory SS results in the hyperactivation of YAP/TAZ via
RhoA /Rock-dependent actin stress fiber formation, leading to the enhanced expression
of inflammatory ICAM1 and VCAM1 [7,16]. The endothelial specific over-expression of
YAP exacerbates, while CRISPR-mediated YAP-knockdown retards, plaque formation in
ApoE~/~ mice [16,17].

These links between blood flow patterns, the mechanosensitivity of ECs, and inflam-
mation evoked deep interest in the study of endothelial mechanosensors [18-27], which
include primary cilia, glycocalyx, integrins, caveolae, ion channels, heterotrimeric G pro-
teins, G protein-coupled receptors (GPCRs), PECAM-1, VE-cadherin, VEGFR?2, and the
Tie family of receptor tyrosine kinases [20]. Moreover, Notchl and guidance receptor
plexin D1 can also function as endothelial mechanosensors [28,29]. Likewise, in human
pulmonary aortic ECs (HPAECs), mitochondria respond to fluid SS with increased oxida-
tive phosphorylation and elevated ATP production [30,31], suggesting their possible role
as mechanosensors.

1.2. Forces and Plasma Membrane Mechanosensors

Two models have been proposed for the mechanical force-induced activation of
mechanosensitive ion channels (Figure 1): “force-from-lipids” and “force-from-filament” [32].
The “force-from-lipid” model suggests the gating of mechanosensitive ion channels with
inputs from the lipid bilayer, while the “force-from-filament” model suggests primary
roles of the extracellular matrix and intracellular cytoskeleton (CSK) in the mechanical
activation of ion channels [32]. Great efforts have been devoted to deciphering the multi-
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ple effects exerted by membrane lipids on the structure and function of transmembrane
proteins [33—44].

Endothelial mechanosensor

Lipid bilayer lateral pressure l

7

Submembrane
CSK

Forces from the
submembrane
cytoskeleton

Figure 1. Scheme illustrating the actions of forces arising from the lipid bilayer and from the
submembrane cytoskeleton and converging on a single mechanosensitive transmembrane protein.

Two major types of physical effects, integral membrane proteins or ion channels, are
expected to draw from the hosting lipid bilayer due to its profiles of electrical charges
and mechanical properties [43]. The former one arises due to the consideration that the
distribution of the charges of the lipids on either monolayer may or may not show any net
charges, but due to their coupling with the integral membrane proteins (MPs) or channel
proteins, the charges on both lipids and proteins become redistributed or polarized. As
a result, any MP-lipid coupling appears with a distinctive type of physical phenomenon,
many charges interactions, as explained using screened Coulomb interactions (SCIs) in
ref. [43]. Considering the mechanical properties (bilayer elasticity and lipid intrinsic
curvature) of lipid layers, only the bilayer regulation of the integral membrane protein
function has long been addressed (see refs. [45-52]). However, in refs. [43,44], it is clearly
shown that the SCI model that considers the charge-based interactions among integral MPs
and hosting bilayer lipids can correctly address the bilayer regulation of MP or channel
functions, and that the charge-based interactions appear to be primary regulators of channel
functions. The bilayer mechanical property-based regulation of MP functions also appears
in SCI treatment, but only to produce a secondary effect on MP functions. In the elastic
bilayer model, the primary effect due to charge-based interactions was totally ignored [45-52].
The charge-based effects have later been consistently found to be appearing as primary
molecular mechanisms, especially when using molecular dynamics (MD) simulations, on
varieties of membrane-adsorbed peptides and drugs cases (see refs. [53,54]).

Recently, the plasma membrane of immune cells was suggested to integrate multiple
biophysical and biochemical stimuli (such as cholesterol content, negatively charged lipids,
electrical potential) in order to regulate immune receptor function [55].

Both the composition of the lipid bilayer [22] and the NMMII-generated basal tension
of EC [56] can be altered by pro-inflammatory stimuli. Endothelial mechanosensors,
which are embedded in the plasma membrane, not only influence the blood flow, but
also regulate the mechanical properties of the lipid bilayer and CSK. Here, we discuss
if and how pro-inflammatory factors may change the mechanical properties of the lipid

54



Membranes 2022, 12, 205

bilayer and CSK. The rigidification of the lipid bilayer and the increase in the cytoskeletal
NMMII-generated tension can increase the energy barrier for the activation of endothelial
mechanosensors by SS. As a result, high SS can be perceived by ECs as low SS. Since
low SS induces the release of pro-inflammatory mediators [2,4] the vicious circle can be
formed. It keeps up the low-grade vascular inflammation and promotes the development
of endothelial dysfunction and atherosclerosis. Recently, the primary cilia on ECs were
suggested to amplify low unidirectional SS signaling, resulting in the activation of NRF2
and the protection of ECs from oxidative damage [6]. We discuss the data suggesting that,
under inflammatory conditions, the lipid bilayer and the NMMII-generated tension could
dampen high laminar SS.

2. What Are the Intracellular Forces Acting on Any Single Transmembrane Endothelial
Mechanosensor?

2.1. From Stiffness of the Whole EC to the Mapping of Intracellular Forces Acting on Single
Transmembrane Mechanosensor: From Cell- to Protein-Scale Studies

Blood flow exerts extracellular forces, such as hydrodynamic pressure, cyclic stretch,
and fluid SS. In addition to these forces, the substrate stiffness is also sensed by ECs [57,58].
The dependence of the mechanical properties of the cortical CSK in HAECs and human
umbilical vein ECs (HUVECs) on laminar SS strength was investigated using acoustic force
spectroscopy [59]. The exposure of HAECs and HUVECs to laminar SS (6 dyn/cm? for up
to 48 h) was found to evoke an increase in the membrane cortex stiffness [59].

The stiffness of the whole EC, or its plasma membrane with the underlying submem-
brane actin-based CSK (smACSK)), is an integral parameter, evaluating the behavior of the
whole cell. At the cellular level, the stiffness of bovine pulmonary arterial ECs (BPAECs)
depends on the basal isometric tension, which is determined by NMMII contractility [56].
Thrombin induces a rapid increase in basal isometric tension in BPAECs via the MLCK-
and RhoA-mediated activation of NMMII [56]. Further studies on the biomechanics of
whole ECs should lead to an analysis of the spectrum of intracellularly generated forces
that converge on any single transmembrane mechanosensor [60]. Evidence is accumulating
that forces generated within the cell regulate mechanical tension across the transmembrane,
cytoskeletal, and scaffolding proteins [61-63].

Endothelial mechanosensors are subjected to forces generated within the cell, in par-
ticular within the lipid bilayer of the plasma membrane, and forces arising from smACSK
(Figure 2). Energy inputs from the lipid bilayer and the smACSK are likely to increase, or
decrease, the activation energy required for the stimulation of mechanosensors by fluid
SS (Figure 2). Earlier, we proposed that the gradients in hydrostatic pressures across the
plasma membrane induced by changes in cell volume are actively probed by cells via the
pulling activity of non-muscle myosin II (NMMII) and the pushing activity of smACSK [64].
Considering the forces arising from the lipid bilayer (see Section 1.2), and the forces gen-
erated by smACSK, the energy input (E(intracellular)) that is received—in addition to
extracellular mechanical forces—by any single mechanosensory can be presented as the
sum of the following energies:

E(intracellular) = E(lipid bilayer) + E(NMMII) + E(protrusion) + E(resistance) + E(smACSK spring) 1)

where E(lipid bilayer) is an energy from the lipid bilayer, E(NMMII) is an energy of NMMII-
generated pulling (directed into the cell) force, E(protrusion) is an energy of pushing
(directed out of the cell) force due to the actin-based assembly of lamellipodia and filopodia,
E(resistance) is an energy generated by the lipid bilayer together with smACSK, and
E(smACSK spring) is an energy stored by smACSK during its mechanical deformation.
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/t—— Pushing force of protrusions
Lipid bilayer lateral pressure .
Endothelial mechanosensor

Submembrane CSK ’
Pulling
< force of
NMMII

\ E(lateral pressure) + E(NMMII) + E(protrusion) }

" T
E(mechanosensor activation) @ E(mechanosensor activation)
Sensing of high LSS as low LSS Sensing of low LSS as high LSS

Pro-inflammatory signaling Anti-inflammatory signaling

Figure 2. Scheme illustrating the actions of intracellular forces on any single endothelial mechanosen-
sor. The transmembrane domain(s) of the mechanosensor is sensing the lipid bilayer lateral pressure.
A pulling force from NMMII-generated tension and a pushing force from an actin-based protrusion
are also sensed by the mechanosensor, meaning that the energy required for mechanosensor activa-
tion can be increased; in this case, the high LSS can be perceived as low LSS, or decreased, in which
case the low LSS can be perceived as high LSS. Thus, the interplay of intracellular forces can shift
LSS-induced signaling to be either pro-atherogenic or anti-atherogenic. Abbreviations: LSS, laminar
shear stress; NMMII, non-muscle myosin II; smACSK, submembrane actin-based cytoskeleton.

Thus, the energies received from within the cell would also influence the activation of
an endothelial mechanosensor:

E(activation of endothelial mechanosensor) = E(extracellular) + E(intracellular) (2)

In this paper, we only pay attention to three intracellular forces: the biomechanics of
the lipid bilayer, the pulling force of NMMII, and the pushing force of the lamellipodia.
NMMII and smACSK are controlled by many intracellular signaling mechanisms; however,
we only consider two functionally antagonistic signaling proteins, RhoA and Racl. The
convergence of several pro-inflammatory stimuli on the two functionally antagonistic small
GTPases RhoA and Racl is discussed in Section 3.

2.2. Biomechanics of the Lipid Bilayer and the Activation Energy of Mechanosensors

There are two mechanisms for the regulation of transmembrane proteins by lipids: a
ligand-like mechanism, when the direct high-affinity binding of lipids to proteins occurs,
and a solvent-like mechanism, when the addition or removal of a lipid changes the biome-
chanics of the lipid bilayer [65,66]. For example, many transmembrane proteins contain
specific motifs for cholesterol binding: a cholesterol recognition/interaction amino acid
consensus (CRAC, R/K-X5-Y-X5-L/V), a reversed CRAC motif named CARC (L/V-X5-Y-
X5-R/K), and a cholesterol consensus motif (CCM) [65-69]. In this paper, we mainly pay
attention to the solvent-like scenario, which deals with alterations in plasma membrane
biomechanics.

There is convincing evidence that the lipid composition, which determines the lipid
bilayer’s fluidity, influences both basal and SS-induced GTPase activities of Gaq and Gyi3
subunits of heterotrimeric G proteins in phospholipid vesicles [70]. The incorporation
of lysophosphatidylcholine into liposomes increases the fluidity of the lipid bilayer and
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elevates the basal activity of Goq and Gz proteins from 0.47 to 1.35 pmol/min per pg of
protein [70]. The incorporation of benzyl alcohol, another fluidizing agent, increases the
basal activity of G proteins from 0.47 to 2.37 pmol/min per ug of proteins. On the other
hand, the incorporation of cholesterol, which decreases bilayer fluidity, diminishes the
basal activity of Gaq and Gai3 proteins from 0.47 to 0.113 pmol/min per pg of protein and
reduces the activation of G proteins by SS [70].

In HUVEGS, fluid SS (from 0.7 to 33 dyn/cm?) induces an increase in membrane
fluidity [71]. The addition of benzyl alcohol also increases the membrane fluidity [71]. The
exposure of BAECs to fluid SS increases the plasma membrane fluidity [72]. Additionally,
BAECs’ membrane fluidity is increased and decreased by benzyl alcohol (a fluidizing
agent) and cholesterol (a rigidifying agent), respectively [72]. In HPAECs, fluid SS increases
membrane fluidity [30,31]. Furthermore, the plasma membranes in HPAECs discriminate
between cyclic stretch and fluid SS, in that cyclic stretch increases the lipid bilayer order and
decreases fluidity, while fluid SS decreases the lipid bilayer order and increases fluidity [73].

Due to all the changes in the membrane composition, which have been explained
above, a membrane’s two major physical properties, namely, the charge profiles and
mechanical properties, may especially become altered. Consequently, as explained earlier,
the membrane regulation of integral MP functions also changes [43,45-52]. However, the
exact energy (generally refereed as the ‘free energy of bilayer—integral protein coupling’)
that plays important roles in such membrane regulation of integral protein functions has been
correctly calculated using the SCI models that consider charge-based interactions [43,53,54].
The SCI model explains all the parameters behind calculating the free energy of bilayer—
integral protein coupling, and that this energy consists of both components drawn from the
charge properties and mechanical properties of the bilayer and MPs. Thus, it appears to be
a universal mechanism which also raises some universal probability functions related to
any bilayer-MP coupling energetics (see details in ref. [54]). MD simulations on lipid-drug
pair interactions in the bilayer environment have especially demonstrated these universal
probability functions to be primarily relying on two major types of charge-based lipid—drug
interactions, namely the electrostatic and van der Waals interactions.

2.3. Mechanosensors and Force Generated by NMMII
2.3.1. Control of NMMII Contractility

NMMII is an actin-based heterohexameric molecular motor consisting of two heavy
chains (HCs), two essential light chains (ELCs), and two regulatory light chains (RLCs) [74-78].
There are three isoforms of NMMII depending on HC paralog: NMMIIA, NMMIIB, and
NMMIIC [74-77], which apparently have partially distinctive roles [79]. In ECs, mainly
NMMIIA and NMMIIB are expressed [80,81].

The phosphorylation of the Ser19/Thr18 of RLC by Ca?*/calmodulin-dependent
myosin light chain kinase (MLCK) activates NMMII contractility (Figure 3) [82], whereas
the dephosphorylation of this site by myosin light chain phosphatase (MLCP) inhibits
NMMII [83,84]. MLCK can itself be activated by Ca?*/calmodulin, protein tyrosine ki-
nases (PTKs), which phosphorylate Tyr464 and Tyr471, and protein kinase C (PKC), while
phosphorylation by protein kinase A (PKA) inhibits MLCK [85,86].

The small GTPases Rho, Rac, and Cdc42, govern the formation of actin stress fibers,
lamellipodia, and filopodia, respectively [87]. In humans, there are 20 members in the
Rho family which are subdivided into subfamilies: Rho, Rac, Cdc42, RhoU/V, RhoD/F,
Rnd, RhoH, and RhoBTB [88]. The Rho subfamily consists of RhoA, RhoB, and RhoC,
while the Rac subfamily includes Racl, Rac2, Rac3, and RhoG [88]. In the vasculature,
the small GTPases Rho, Rac, and Cdc42, control a number of functions, including the
maintenance of the endothelial barrier, the response to SS, the regulation of endothelial
nitric oxide synthase, migration, and apoptosis [89]. There is reciprocal regulation of RhoA
and Racl. For example, in BAECs, the activation of integrins by laminar SS (12 dynes/cm?)
transiently inhibits Rho, but activates Racl [90,91]. The small GTPases, RhoA and Racl, are
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particularly well-studied as regulators of the endothelial barrier function, where RhoA and
Racl activation leads to barrier disruption and stabilization, respectively [85,92-95].

Ca?*/calmodulin PTKs PKC PKA
RhoA \ / Racl
~> -
ROCK > MLCK I < PAK

4
Relaxation 4 RLC-NMMII — P-RLC- NMMII = Contraction
RhoA .
~> > I MLCP
ROCK

Figure 3. Scheme illustrating the regulation of NMMII contractility. MLCK and Rho-ROCK pathways
lead to the phosphorylation of the RLCs of NMMII and NMMII contraction. MLCP and Rac1-PAK
pathways lead to NMMII relaxation. MLCK itself is stimulated by upstream Ca®*/calmodulin,
PTKs, and PKC, while PKA inhibits MLCK. Abbreviations: MLCK, myosin light chain kinase; MLCP,
myosin light chain phosphatase; NMMII, non-muscle myosin II; PAK, p21-activated kinase; PKA,
protein kinase A; PKC, protein kinase C; PTKSs, protein tyrosine kinases; RLCs, regulatory light chains;
ROCK, Rho-associated coiled-coil-containing kinase.

The small GTPase, RhoA, and its effector, Rho-associated coiled-coil-containing kinase
(ROCK)), activate NMMII, both via the phosphorylation of RLC at Ser19/Thr18 [96] and
the phosphorylation and inhibition of MLCP [97]. ROCK, the main downstream effector
of RhoA, has two isoforms: ROCK1 and ROCK2 [98]. Racl and its effector, p21-activated
kinase (PAK), inhibit NMMII via the phosphorylation of MLCK by PAK [99]. Racl itself
can be regulated by cell-generated tension: in rat aortic smooth muscle cells, the inhibition
of myosin contractility via the inhibition of Rho-kinase with Y-27632 or MLCK with ML-7
increased Racl activity [61].

Seemingly, the RhoA-dependent activation of NMMII and the generation of the cen-
tripetal force, as well as Racl-dependent protrusive actin polymerization, would affect
the endothelial mechanosensors. As pro-inflammatory agents, via the activation of RhoA
and/or Racl, they not only regulate the endothelial permeability, but also may tune
mechanosensors because of the inducing pulling (RhoA-mediated NMMII contractility) or
pushing (Racl-mediated actin-based protrusions) of intracellular forces.

2.3.2. Opposing Actions of RhoA and Racl on NMMII-Generated Pulling Force Acting on
VE-Cadherin

Transmembrane proteins experience an NMMII-generated force. Foster resonance
energy transfer (FRET)-based molecular tension sensors allow measuring the pico-Newton
(pN) forces acting on cellular proteins [62,100] (Table 1). In static BAECs, vinculin was
shown to be under an NMMII-generated tensile force of about 2.5 pN (0.25 pudyn) [62]. In
Madin-Darby canine kidney (MDCK) epithelial cells, epithelial cadherin (E-cadherin) was
under a constitutive 1-2 pN (0.1-0.2 pdyn) of tensile force generated by NMMII [100]. In
static BAECs and those experiencing SS, VE-cadherin was under a tension of 2.4 and 1.8 nN
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(0.24 and 0.18 mdyn)/molecule, respectively [63]. The tension across PECAM-1 in static
BAECs was negligible, but increased under SS tension to 2.0 pN (0.2 udyn)/molecule in a
vimentin-dependent manner [63].

Table 1. Transmembrane and membrane-associated proteins under NMMII-generated tension.

Protein Tension across Protein =~ NMMII Involvement Cell Type Reference
E-cadherin ! 1-2pN + MDCK epithelial cells [100]
PECAM-1 in static cells negligible BAECs [63]
PECAM-1 in cells under SS 2.0 pN/molecule Vimentin is involved BAECs [63]
VE-cadherin in static cells 2.4 nN/molecule + BAECs [63]
VE-cadherin in cells under SS 1.8 nN/molecule + BAECs [63]
Vinculin ~2.5 + BAECs [62]

1 Abbreviations: BAECs, bovine aortic endothelial cells; E-cadherin, epithelial cadherin; MDCK, Madin-Darby
canine kidney; nN, nano-Newton; PECAM-1, platelet endothelial cell adhesion molecule 1; pN, pico-Newton;
VE-cadherin, vascular endothelial cadherin.

Generally, RhoA and Racl increase and attenuate the NMMII contractile force acting
on VE-cadherin, respectively (Figure 4). For example, in human dermal microvascular ECs
(HMECs) and human pulmonary arterial ECs (HPAECs), the counterbalance between Rho
and Racl determines the force pulling the VE-cadherin into the cell interior [101]. RhoA
activation increases the NMMII-generated tension on VE-cadherin, while Racl decreases
it [101].

a-catenin

B-catenin -

Actin filament VE-cadherin

e

< NMMIl-generated force

MLCK RhoA Racl \/ '

Occludin

Figure 4. Scheme illustrating the regulation of NMMII-generated force acting on VE-cadherin. MLCK
and RhoA lead to NMMII contraction. Racl leads to NMMII relaxation. Thus, the NMMII-generated
force acting on VE-cadherin is controlled by counterbalance between MLCK, RhoA, and Racl.

2.3.3. Racl in the Regulation of Actin Polymerization Pushing Force in Lamellipodia

ECs are known to form lamellipodia, which are protrusive actin-based structures [102].
Lamellipodia assembly is mainly governed by Rac1 [87,88]. Lamellipodia push the plasma
membrane out from the cell interior, and this pressure can increase or decrease the en-
ergy required for the activation of any endothelial mechanosensory by SS. For example,
VE-cadherin, an element of the mechanosensory PECAM-1/VE-cadherin/VEGFR2 com-
plex [8], is a component in lamellipodia in HUVECs [102]. There is an interesting interplay
between pushing, which is generated by protrusive actin polymerization, and NMMII-
dependent pulling forces in the formation of VE-cadherin mediated adherens junctions in
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HUVECs [102]. It should be noted that NMMII contractility is required for lamellipodia
formation [102,103].

3. Effects of Pro-Inflammatory Stimuli on the Biomechanics of the Lipid Bilayer and
Submembrane Cytoskeleton; Focus on Counterbalance between RhoA and Racl

3.1. Pro-Inflammatory Stimuli and the Lipid Bilayer Biomechanics

Hypoxia itself can be a mechanical signal for ECs, as a decrease in the number of
dioxygen molecules dissolved in the lipid bilayer of the plasma membrane is a mechani-
cal stimulus that can influence the mechanosensitive transmembrane proteins and, thus,
participate in the hypoxia response [104].

However, hypoxia can also lead to the increased production of reactive oxygen species
(ROS) [105], which may increase membrane lipid peroxidation, with effects on the mechan-
ical properties of the lipid bilayer. Oxysterols, products of cholesterol oxidation, promote
the development of atherosclerosis [106]. Connections between dyslipidemia and the me-
chanical properties of ECs were reviewed elsewhere [22]. Hypercholesterolemia leads to
the accumulation of cholesterol in ECs, and promotes the development of inflammation
and atherosclerosis [22,107,108]. An increase in low-density lipoprotein (LDL) cholesterol
levels and a decrease in high-density lipoprotein (HDL) cholesterol levels in blood plasma
are among the key risk factors for atherogenesis [107,109].

Oxidative stress leads to an accumulation of oxidized phospholipids in the EC plasma
membrane [110]. The peroxidation of membrane lipids decreases the lipid bilayer thick-
ness [111,112]. On the other hand, long-chain polyunsaturated fatty acids (PUFAs)—such as
eicosapentaenoic acid (EPA, C20:5, n-3), docosahexaenoic acid (DHA, C22:6, n-3), and docos-
apentaenoic acid (DPA, C22:5, n-3)—trigger anti-inflammatory anti-atherogenic responses
in ECs, as can be exemplified with docosahexaenoic acid (DHA) (22:6w-3) [113-115].

3.2. Pro-Inflammatory Stimuli in RhoA and Racl Regulation in ECs
3.2.1. Hypoxia and Oxidative Stress in the Regulation of RhoA and Racl in ECs

In cultured porcine aortic ECs (PAECs), hypoxia induces the activation of RhoA and
the inhibition of Racl [93] (Table 2). In piglet PAECs, hypoxia activates RhoA and inhibits
Racl [116]. In rat PAECs, hypoxia activates RhoA [117]. In rat PAECs, oxidative stress
(H,0O5) activates RhoA [117]. In BAECs, H,O, induces the activation of Racl [118].

Table 2. Hypoxia and oxidative stress in RhoA and Racl regulation in ECs. fT—activation, |—

inhibition.

Stress Factor Effect on RhoA or Racl EC Type Reference

1 RhoA Porcine AECs ! [93]

7 RhoA Piglet PAEC [116]

Hypoxia 1 RhoA Rat PAECs [117]

J Racl Porcine -AECs [93]

J} Racl Piglet PAECs [116]

Oxidati 1 RhoA Rat PAECs [117]

xidative stress + Racl BAECs [118]

1 Abbreviations: AECs, aortic endothelial cells; BAECs, bovine aortic endothelial cells; PAECs, pulmonary artery
endothelial cells.

3.2.2. Pro-Inflammatory Cytokines in RhoA and Racl Regulation in ECs

As discussed above, RhoA-ROCK activation via the induction of actomyosin contrac-
tility may increase the tension experienced by EC mechanosensors, leading to an increase in
the pro-inflammatory response in ECs. Pro-inflammatory mediators unbalance RhoA-Racl
activities and homeostasis, resulting in changes to the intracellularly generated tension and
mechanosensors” activation threshold.

Ang II can induce vascular inflammation and remodeling [10]. Ang II acts via two
types of Ang receptors, type 1 (AT1R) and type 2 receptor (AT,R), which significantly differ
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in their physiological effects [119]. Signaling through AT R leads to vasoconstriction, oxida-
tive stress, and inflammation, while signaling through AT,;R mediates anti-inflammatory
effects [120,121] and prevents the development of hypertension in animal models of hy-
pertension [119]. In BAECs, the stimulation of AT1R leads to the sequential activation of
Gui2/13 and RhoA [122]. In BAECs, Ang II acting via AT{R activates Racl, and elevates
focal adhesion complexes and actin fiber formation [118]. In contrast, the activation of
AT5R has been linked with the negative regulation of RhoA activity in vascular smooth
muscle cells [123]. In BAECs, C-reactive protein (CRP) activates the RhoA-ROCK pathway
to induce the expression of plasminogen activator inhibitor-1 [124].

Sphingosine 1-phosphate (S1P) may exert both anti-inflammatory anti-atherogenic
effects, when acting through S1P receptor type 1 (S1P; receptor), and pro-inflammatory
pro-atherogenic effects, when acting through S1P, and S1P;3 receptors [125-127]. The
stimulation of S1P; receptor signaling activates G, and Racl, leading to the suppression
of the pro-inflammatory response [126]. Both S1P, and S1P3 receptors are coupled to G/,
Gaq, and Gy12/13 and their stimulation activates the RhoA-ROCK axis and destabilizes
endothelial barrier [125-127].

Thrombin, an important regulator of acute and chronic vascular inflammation, acts
via protease-activated receptors (PARs), of which there are four isoforms (PAR-1, -2, -3,
and -4) [128]. In HUVECs, thrombin activates RhoA, suppresses Racl activity, and induces
actomyosin contractility [129,130]. Intermedin, a member of the calcitonin gene-related
peptide family, and acting via calcitonin receptor-like receptors, antagonizes thrombin-
induced endothelial hyperpermeability via the activation of Rac1 [129].

4. Some Mechanosensors Are Located in the Plasma Membrane of the EC; Their
Sensitivity to the Lipid Bilayer and the CSK Biomechanics

4.1. Piezol

Piezol is a transmembrane cation channel [131-133] that is gated by membrane tension
and SS [134,135]. Full-length Piezol was cloned from the mouse neuroblastoma N2A
cell line and expressed in several other cell lines [136]. Piezol exhibits activation by
stretching [136,137]. Fluorescent Piezol constructs were expressed in HEK293 cells [134].
Blebs formed in these transfected cells were deficient in the cytoskeletal proteins, and the
basal Piezol activity in the bleb-attached patches was higher than in whole-cell-attached
patches, suggesting that the membrane tension is a main driver of mechanosensitive gating
of Piezol, whereas the CSK has a mechanoprotective role [134].

Piezol performs multiple roles in the cardiovascular system, and links mechanical
stimuli to the triggering of both pro- and anti-atherogenic responses in ECs [138]. Piezol is
expressed in many cell types participating in the development of atherosclerosis, including
ECs, vascular smooth muscles cells, T and B cells, and monocytes, which undergo sequential
transition into macrophages and lipid-engorged foam cells [138]. The endothelial-specific
deletion of Piezol in mice impairs SS-mediated vascular development [131], sprouting an-
giogenesis, and vascular lumen formation [139]. Moreover, EC Piezol can sense disturbed
blood flow and is linked to inflammatory signaling [140]. In human umbilical arterial ECs
(HUAEC:S), the fluid SS-induced activation of Piezol leads to ATP release and autocrine
stimulation of the purinergic P2Y; receptor and its downstream effectors, Gyq and Gy11,
which triggers the activation of eNOS, NO release, and vasodilatation [141]. Depending
on blood flow patterns, Piezol activation, together with the activation of purinergic P2Y,
receptor and Gyq/11, may lead to atheroprotective signaling or atherogenic signaling in
response to laminar SS or disturbed SS, respectively [140]. In the case of disturbed flow,
the induction of atherogenic signaling proceeds via the activation of integrin by SS sensors
Piezol and P2Y>-Gyq/11 [140].

4.2. Mechanosensory PECAM-1/VE-Cadherin/VEGFR2 Complex

VE-cadherin is both a key player in the regulation of the endothelial barrier func-
tion [94,95] and an element in the PECAM-1/VE-cadherin/VEGFR2 mechanosensory
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complex [8]. Interestingly, a direct association between PECAM-1 and Gq/11 Was reported
in HUVEC:s [142,143]. In HUVECs, the dissociation of Gq/11 from PECAM-1 is dependent
on Gggq/11 activation by fluid SS, and on the patterns of fluid SS. Here, impulse and oscil-
latory, but not ramped-transient flow induced Gyq/11 dissociation from PECAM-1 [142].
VEGFR?2 is localized in lipid rafts, and interference in the lipid raft structure may impair
its activation by SS [144]. The transmembrane domains of VE-cadherin and VEGFR2 and
VEGFRS3 can interact with each other, and this interaction is important for SS signal trans-
duction onto and the activation of VEGFR2/3 [145]. The linking of VE-cadherin to the
actin CSK seems to be mediated by 3- and «-catenins, as it takes place in epithelial cells
containing epithelial (E)-cadherin [146]. E-cadherin binds to 3-catenin, 3-catenin interacts
with o-catenin, and «-catenin binds to actin filaments [146].

The SS response of ECs includes re-arrangement in the EC cytoskeleton and the redis-
tribution of the intracellular forces acting on PECAM-1 and VE-cadherin [63]. The onset of
the flow elicited an increase in the tension on PECAM-1 and a decrease in the tension on
VE-cadherin [63]. Vimentin, an intermediate filament, appears to transmit NMMII tension
onto PECAM-1 [63]. In our hypothesis, RhoA- and Racl-dependent intracellular forces can
tune the mechanosensitivity of the PECAM-1/VE-cadherin/VEGFR2 complex (Figure 5).
Indeed, in HUVECsS, the VE-cadherin located in the lamellipodia undergoes exhibits both
pushing and pulling forces [102]. S1P, via the S1P; receptor, activates Racl and suppresses
pro-inflammatory elevation in endothelial permeability [126,127] (Figure 5). Rac1 inhibits
the RhoA-ROCK pathway that reduces NMMII-generated tension on VE-cadherin, result-
ing in the stabilization of VE-cadherin [101]. On the other hand, NMMII contractility also
contributes to lamellipodia formation [102,103].
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Figure 5. Scheme illustrating the actions of RhoA- and Racl-dependent intracellular forces on the
PECAM-1/VE-cadherin/VEGFR2 complex.

4.3. Heterotrimeric G Proteins and GPCRs

There is experimental evidence for the activation of GPCRs and heterotrimeric G
proteins by fluid SS in the absence of GPCR agonists. The exposure of HUVECs to fluid
SS (10 dyne/ cm?) induces the rapid (within 1 s) activation of Gyq and Gz [147]. The
reconstitution of purified Gyq and G;3 in phospholipid liposomes reveals that the lipid
composition significantly influences the activation of G proteins in response to fluid SS
(0-30 dynes/cm?) [70]. In human coronary artery ECs (HCAECs), Gag/11 proteins are
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activated by fluid SS independently of upstream GPCRs [148]. In addition, in HCAECs,
the stimulation of Gq/11 proteins by fluid SS is independent of the Piezol channel [143].

The human bradykinin type 2 receptor (ByR), with an inserted yellow fluorescent
protein and fused to a cyan fluorescent protein, was expressed in BAECs [149]. The recom-
binant B,R was activated by fluid SS, hypotonic stress, and benzyl alcohol in the absence
of a BoR agonist [149]. Several long-chain polyunsaturated fatty acids (eicosapentaenoic
acid, docosahexaenoic acid, docosadienoic acid, and dihomo-y-linoleic acid) activated
ByR in BAECs and in ByR-transfected HEK293 cells in a ligand-independent manner [150].
The search for a structural motif(s) responsible for the mechanosensitivity of the human
histamine type 1 (H;) receptor in HUVECsS revealed that helix 8, located in the cytoplasmic
C-terminus of the Hj receptor, is essential [151]. Whether intracellular forces, such as
NMMII-dependent contractions, influence the activities of heterotrimeric G proteins and
GPCRs remains poorly understood.

4.4. Integrins

Integrins, heterodimeric adhesion proteins linking extracellular matrix proteins to
the cytoskeleton, comprise 18 «- and 8 3-subunits, which form 24 heterodimers [152].
Integrins sense various mechanical stresses and convert a mechanical force into biochemical
signaling within the cell [58]. The multiple roles of integrins—expressed on ECs, leukocytes,
monocytes/macrophages, vascular smooth muscle cells, and platelets—in the pathogenesis
of atherosclerosis are reviewed in depth elsewhere [153,154].

Integrins are sensitive to the lipid bilayer ordering and thickness [155-158]. Moreover,
in PAECs and mouse embryonic fibroblasts, integrins themselves seem to increase the
lipid bilayer order [155]. The exposure of HUVECs to pro-inflammatory oscillatory SS
(0.5 + 4 dyn/cm?) or anti-inflammatory pulsatile SS (12 & 4 dyn/cm?) induced the opposite
effects on «5B1 integrin localization in lipid rafts [156]. Oscillatory SS and pulsatile SS
increase or decrease the levels of «531 integrins in lipid raft regions, respectively [156].
The exposure of HAECs to three non-lipid amphiphiles (vitamin E, Triton X-100, and
benzyl alcohol) was used for the study of 31 integrin dependence on lipid bilayer order and
domain thickness [157]. Only benzyl alcohol partitioned into the liquid-disordered domains
and thinned these domains, enhancing 31 integrin affinity and valency, and inducing 31
integrin clustering [157]. Lietha and Izard suggested that mechanical stress-induced 3
integrin activation is mediated by membrane thinning [158].

Integrins are linked to the actin-based cytoskeleton via numerous scaffolding pro-
teins, such as talin, vinculin, filamin A, and zyxin [58,152]. Integrins themselves regulate
NMMII [153]. NMMII-generated contractility is required for the maintenance of integrin
adhesion complexes [159]. In the stationary membranes of BAECs, the tension across
vinculin was generated by NMMII and its upstream regulator RhoA, and was about 2.5 pN
(0.25 pdyn) [62].

5. Conclusions

The experimental data considered here suggest that internal cellular forces—mainly NM-
MII contractility and actin-based lamellipodial protrusions, together with pro-inflammatory
cholesterol- and oxidative stress-induced changes in the biomechanics of the lipid bilayer—
tune the mechanosensitivity of the endothelial mechanosensors. Since RhoA and Racl, key
regulators of NMMII contractility and actin filaments assembly, are themselves critically
regulated by pro-inflammatory agents, the biomechanics of the plasma membrane of ECs
can be softened or stiffened upon inflammation, with subsequent alteration in ECs response
to fluid SS. Fluid SS, depending on its patterns, is among the main controllers of endothelial
inflammation. We propose that the altered—Dby first exposure of ECs to pro-inflammatory
agents—mechanosensitivity of mechanosensors leads to their aberrant activation, and to
the formation of a vicious cycle where pro-inflammatory signaling is sustained. Low-grade
vascular inflammation then promotes atherogenesis.
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Abstract: The antimicrobial peptide magainin 2 (M2) interacts with and induces structural damage
in bacterial cell membranes. Although extensive biophysical studies have revealed the interaction
mechanism between M2 and membranes, the mechanism of membrane-mediated oligomerization
of M2 is controversial. Here, we measured the synchrotron-radiation circular dichroism and linear
dichroism (LD) spectra of M2 in dipalmitoyl-phosphatidylglycerol lipid membranes in lipid-to-
peptide (L/P) molar ratios from 0-26 to characterize the conformation and orientation of M2 on
the membrane. The results showed that M2 changed from random coil to «-helix structures via an
intermediate state with increasing L /P ratio. Singular value decomposition analysis supported the
presence of the intermediate state, and global fitting analysis revealed that M2 monomers with an
a-helix structure assembled and transformed into M2 oligomers with a 3-strand-rich structure in
the intermediate state. In addition, LD spectra showed the presence of 3-strand structures in the
intermediate state, disclosing their orientations on the membrane surface. Furthermore, fluorescence
spectroscopy showed that the formation of 3-strand oligomers destabilized the membrane structure
and induced the leakage of calcein molecules entrapped in the membrane. These results suggest that
the formation of 3-strand oligomers of M2 plays a crucial role in the disruption of the cell membrane.

Keywords: amyloid; antimicrobial peptide; -strand oligomers; fluorescence anisotropy; linear
dichroism; magainin 2; peptide-membrane interaction; synchrotron-radiation circular dichroism

1. Introduction

Antimicrobial resistance (AMR) is one of the most serious global threats to healthcare
and agriculture. The overuse and misuse of antimicrobial agents, such as antibiotics, can
lead to the emergence of antimicrobial-resistant microorganisms, resulting in prolonged
hospitalizations and increased medical costs [1]. Antimicrobial peptides (AMPs) are a
potential solution to this problem because they have broad-spectrum antibacterial, antifun-
gal, and antiviral activities and it is difficult for microorganisms to acquire AMR against
them [2,3]. The antimicrobial mechanism of AMP is different from that of conventional
antibiotics; antibiotics inhibit the synthesis of bacterial components, whereas AMPs interact
with bacterial cell membranes and directly cause damage to the membrane structure [2,4].
Extensive efforts have been devoted to use AMP as a medicine; however, the clinical ap-
plication of AMP is currently limited due to its short half-life and toxic side effects [5-7].
Hence, further understanding of the interaction mechanism between AMP and membranes
at the molecular level are necessary to gain new insights into the design strategy of effective
AMP [8].
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Magainin 2 (M2), a cationic and amphipathic peptide composed of 23 amino acids
(GIGKFLHSAKKFGKAFVGEIMNS), is an AMP present in the immune system of African
clawed frog Xenopus laevis [9]. The interactions between M2 and the membrane have
been investigated extensively through various biophysical techniques such as fluores-
cence spectroscopy, circular dichroism (CD) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and isothermal titration calorimetry (ITC) [10-13]. Regarding the
molecular mechanism of the antimicrobial activity of M2, Matsuzaki et al. suggested that
the M2 peptides assembled and transformed the oligomers in phosphatidylglycerol (PG)
membranes, and their oligomerization induced pore formation in the membrane, lead-
ing to membrane disruption by M2 [14,15]. Schiimann et al. [16] and Gregory et al. [17]
found that no peptide oligomerization occurs when M2 interacts with 1-palmitoyl-2-
oleoylphosphatidylglycerol phospholipids (POPG) membranes and with the mixed mem-
branes of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and POPG, suggesting that in a
peptide state (no oligomerization), M2 works in a chaotic or stochastic manner on the pores
on these membranes when obtaining the antimicrobial activity [18]. These results indicate
that the mechanisms of the membrane interaction or the antimicrobial activity of M2 might
strongly depend on the constituents of the lipid membrane [19]. Although these studies
commonly support that M2 peptides tightly interact with negatively charged lipid mem-
branes, such as PG, compared to neutral lipid membranes, these interactions remain to be
further explored [10,14]. As for the conformation of the M2 peptide on the membrane, most
reports concluded that the membrane-bound conformation of M2 was an «-helix-rich struc-
ture, but some groups, including Hirsh et al. showed that there are two populations of M2
peptides in the membranes of dipalmitoyl-phosphatidylglycerol (DPPG) and in the mixed
membranes of DPPG and dipalmitoyl-phosphatidylcholine (DPPC), with one population
being completely o-helical and another being completely 3-strand [20-22], as observed
in other AMPs, such as bovine lactoferricin, protegrin 1, and human p-defensin-3 [23].
These results suggest that M2 could also form both o-helix and 3-strand structures on
the membrane, although the contribution of these M2 conformations to the antimicrobial
activity is unclear and still controversial.

In this study, we characterized the unique and complicated conformations of M2
peptides on the negatively charged DPPG membrane and their contributions to the antimi-
crobial activity. We measured the synchrotron-radiation circular dichroism (SRCD) and
linear dichroism (LD) spectra of M2 in the DPPG liposome in the lipid-to-peptide (L/P) mo-
lar ratio from 0 to 26 and analyzed the types of secondary structures (c-helix and 3-strand)
of M2 and their orientation on the membrane. SRCD has been applied to characterize the
secondary structures of membrane-bound proteins in various liposomes [24-26] and can
measure the CD spectra down to the vacuum-ultraviolet region (~160 nm), whose wide
range spectra could realize the component analyses of the unique and complicated con-
formations of M2 induced by the interaction with the DPPG membrane. LD spectroscopy
can provide important information on the secondary structure orientation, disclosing the
direction of the helical and strand axes of M2 against the liposome surface [24]. Further-
more, the fluorescence anisotropy of DPPG liposomes in the presence of M2 was measured
to elucidate the effect of M2-membrane binding on the structure and stability of lipid
membranes. The combination of SRCD, LD, and fluorescence spectroscopy could be useful
for characterizing the relationships between the unique conformations and activities of M2
on the DPPG membrane.

2. Materials and Methods
2.1. Materials

The M2 peptide was synthesized in GL Biochem (Shanghai, China), GenScript Biotech
Corporation (Piscataway, NJ, USA), and Bio-Synthesis (Lewisville, TX, USA). This peptide
was purified by HPLC (>95%) and its molecular weight was analyzed by mass spectroscopy.
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) was purchased from
Avanti (Alabaster, AL, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine was
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obtained from Cayman Chemical (Ann Arbor, MI, USA). All other chemicals were analytical
grade products purchased from Sigma (St. Louis, MO, USA).

2.2. Liposomes and Sample Preparation

DPPG liposomes with a diameter of 100 nm were prepared by an extrusion tech-
nique, as described previously [25,27]. The DPPG lipid molecule was dissolved in 10 mM
phosphate buffer (pH 7.0), and the suspension was vortexed vigorously at least above
the phase-transition temperature (~41 °C). The solution was alternately placed in liquid
nitrogen and heated five times (freeze-thaw cycles). The lipid suspension was then passed
through a 100 nm polycarbonate membrane (Whatman, Clifton, NJ, USA) 25 times using a
Mini-Extruder (Avanti). This step was performed above the phase-transition temperature.
The obtained liposome vesicles were mixed with the M2 solution at a final M2 concentration
of 300 uM. The concentration of M2 was determined by measuring the absorption spectra of
M2 in the absence of liposomes (molar extinction coefficient at 205 nm: 94,390 M~ em™h).
The concentration of DPPG phospholipid was changed from 0 to 8 mM (i.e., the L/P molar
ratio of 0-26). The peptide-liposome mixtures were incubated overnight at 25 °C prior to
the CD and LD measurements. For fluorescence anisotropy measurements, the following
steps were performed before dissolving the lipids in the buffer: DPPG and DPH were
dissolved in chloroform, and the stock solutions were then mixed at a DPPG/DPH molar
ratio of 400/1. To remove the organic solvent, the solution was placed under a stream of
nitrogen gas and then under vacuum for at least three hours [24]. The obtained DPPG
film was dissolved in the buffer at final concentrations of 400 uM and 1 uM of DPPG and
DPH, respectively.

2.3. Synchrotron-Radiation Circular Dichroism

The SRCD spectra of M2 in the presence and absence of DPPG liposomes were
recorded from 260 to 178 nm using a vacuum-ultraviolet circular dichroism (VUVCD)
spectrophotometer at Hiroshima Synchrotron Radiation Center (HiSOR) and an assembled
optical cell with a 50 um path length Teflon spacer. The details of the optical cell and
spectrophotometer have been reported in previous studies [28,29]. The distance between
the optical cell and the window of the photomultiplier tube was set to less than 10 mm to
minimize the effect of light scattering from the liposome particles [24]. The temperature
of the cell was controlled using a Peltier device. The actual temperature of the sample
solution was obtained by a calibration curve of the actual temperature (in the optical cell)
against the set temperature, which was investigated in advance. The SRCD spectra of
each sample were measured four times and averaged. The SRCD spectra of the liposome
solutions were also measured as a background and subtracted from the spectra of the
peptide-liposome suspensions. The secondary structures of M2 in the presence and absence
of DPPG liposomes were analyzed using the SELCONB3 program [30,31] and the VUVCD
dataset obtained by Matsuo et al. [32,33], as described previously [24,32,33].

2.4. Synchrotron-Radiation Linear Dichroism

The LD spectra of M2 in the presence of liposomes were measured from 300 to 185 nm
using an LD spectrometer installed in the VUVCD spectrophotometer at HiSOR. The
system of the LD spectrometer is described in detail elsewhere [24]. An LD flow cell
with a light path length of 75 pm (Translume, MI, USA) was located within 10 mm of the
photomultiplier tube. A shear flow with a flow velocity of 1.0 mL min~! was applied
using a dual-plunger parallel-flow pump (LC-20AD, Shimadzu, Kyoto, Japan), and the
sample solution was circulated between the sample container and the LD flow cell. All
LD spectra were recorded at room temperature (25 °C) with four accumulations. The
scattering contribution to the LD signal was subtracted using the method described by
Nordh et al. [34].
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2.5. Fluorescence Anisotropy

The steady-state fluorescence anisotropy of DPH in DPPG liposomes was measured
using a fluorescence spectrophotometer (FP-8300, Jasco, Japan) [35,36]. The excitation and
emission wavelengths were 357 and 430 nm, respectively, with 5.0 nm band width. The
measurements were conducted in the temperature range of 25-55 °C with 0.1 °C steps. The
fluorescence anisotropy (r) was calculated using the following equation:

Ly — GIvh

r=—
Iyv + 2G1yp

)
where Iy is the intensity of the detected light with both excitation and emission polarizers
mounted vertically, Iy, is the intensity of the detected light with the excitation polarizer
installed vertically and the emission polarizer mounted horizontally. The factor G in
Equation (1) for each sample was determined by measuring the intensities of the detected
light, I, and Iy}, with the emission polarizer installed horizontally and vertically, respec-
tively, under the excitation polarizer mounted horizontally and calculating I,/ I, (=G).
The curves of the temperature dependence of anisotropy were fitted using:

rg — 1 +mg(T —Tg) —my(T —Tq)
1+exp(f%(1 - %))

where T is the absolute temperature, T and Tg are the reference temperatures for DPPG
liposome in the liquid-crystalline phase (55 °C) and the gel phase (25 °C), respectively;
r1 and rg are the values of fluorescence anisotropy at 55 °C (liquid-crystalline phase) and
25 °C (gel phase), respectively; T, is the midpoint temperature of the phase transition
of the DPPG membrane; AH is the molar enthalpy change of the phase transition at Ty;
and R is the gas constant. m; and mg in Equation (2) are temperature dependences of the
fluorescence anisotropy of lipid vesicles in the liquid-crystalline and gel phases, respectively,
which are empirical parameters. The adjustable parameters in Equation (2) are AH, T, m,
and mg.

HT)=nrn+m(T—-T)+

, @

2.6. Calcein Leakage Assay

M2-induced leakage of calcein entrapped in DPPG liposomes was investigated at
25 °C, as described in a previous study [10]. The fluorescence intensity of calcein was
monitored at 515 nm using a fluorescence spectrometer (FP-8300, Jasco, Tokyo, Japan)
with an excitation wavelength of 490 nm. The extent of calcein release was calculated
according to F = (I — Iy)/ (Imax — lo), where Iy and I are the initial and final (approximately
40 min after the initial manipulation) intensities of fluorescence, respectively, and Imax is the
maximal fluorescence intensity obtained by adding Triton X-100 (all the entrapped calcein
was released). Calcein-loaded DPPG liposomes were prepared by the extrusion method
using a solution containing 60 mM calcein and 10 mM HEPES (pH 7.0). Untrapped calcein
was separated from the liposomes by gel filtration using a bio-spin chromatography column
(BIO-RAD, Hercules, CA, USA) with Sephadex G-75. This step was performed above the
lipid phase-transition temperature. Calcein was purchased from Tokyo Chemical Industry
(Tokyo, Japan). The lipid concentration (400 uM) was determined using a phosphorus
assay [37].

2.7. Adsorption Model Fitting Procedure

The L/P dependence of the SRCD spectra of M2 in DPPG liposomes was analyzed
using an adsorption model and a global fitting algorithm. The model of adsorption for
a large self-associating ligand based on scaled particle theory was used as the model for
fitting in this study [38]. The model can be written as [38]:

Kcg = @171 (P, D2), 3)
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where K is the association constant; c; is the concentration of the peptide free in solution
(or native state); @1 (=nc1/cr) and @, (=nc,/cy) are the fractions of the surface area occu-
pied by the monomer and z-mer, respectively; ¢; and c, are the concentrations of monomer
and z-mer, respectively; cy. is the total lipid concentration; n is the number of lipid molecules
covered by a single peptide; K, is the equilibrium constant for the formation of the z-mer;
and f is the ratio of the radii of the circles representing the monomer and z-mer. When the
area does not change due to self-association, f is equal to z'/2.

To fit the adsorption model to the SRCD data, the thermodynamic parameters K, Ky,
z, and n were solved numerically using an iterative method. Their initial values were
set, ¢g, 1, and ¢, at each L/P were calculated according to Equations (3)—(6), and then the
concentration matrix C was output. The matrix of the pure component spectra S for M2 in
native, monomeric, and oligomeric states was calculated using the classical least-squares
approach [39]:

S — (CTC)_1CD, @)

where D is the matrix of measured SRCD data. The 2-norm of the error E = |CS — D |, was
minimized by repeating the calculation with different initial values of K, Ky, z, and n. The
obtained solutions for the parameters were then used to calculate the fractions of M2 in the
three states at each L/P using the least-squares method [39]:

C= D(ST<SST)_1). ®)

The populations of M2 in the three states at each L/P obtained using Equation (8)
were compared with the fitting curves calculated using the optimized thermodynamic
parameters. The optimized component spectra of M2 in the three states were calculated
using Equation (7) with the optimized parameters.

3. Results
3.1. Synchrotron-Radiation Circular Dichroism

The SRCD spectra of M2 in the presence of DPPG liposomes (pH 7.0 and 25 °C)
were measured from 260 to 178 nm in the L/P ratios from 0 to 26, as shown in Figure 1.
The spectrum at L/P = 0 exhibited a negative shoulder around 220 nm, a negative peak
around 200 nm, and a negative sign around 178 nm, indicating that M2 formed a random
coil structure in the native state. As the L/P ratio increased, the spectral intensities of
the shoulder and peak observed in the native state decreased and increased, respectively.
The spectral change was completely saturated around L/P = 15, and the spectrum at
L/P =26 had two successive negative peaks around 222 and 208 nm and a positive peak
around 190 nm, indicating that M2 formed a helical structure in the membrane-bound state.
Furthermore, we found two iso-dichroic points around 200 and 210 nm during the spectral
change, implying that M2 formed a helical conformation in the DPPG membranes through
an intermediate state. M2 in the mixed liposomes with a DPPE/DPPG molar ratio of 3/1,
which is believed to mimic the cell membranes of bacteria [40,41], also exhibited the same
spectral change at 25 °C as those of M2 in DPPG liposomes (Figure S1), suggesting that M2
also has an intermediate state when interacting with the bacterial cell membrane.
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Figure 1. Synchrotron-radiation circular dichroism (SRCD) spectra of M2 in the presence of DPPG
liposome in the L/P ratio from 0 to 26. All spectra were recorded at 25 °C, pH 7.0, and the M2
concentration of 300 uM. Experimental conditions are described in detail in Section 2.3.

We analyzed the spectral dataset in Figure 1 using the singular value decomposition (SVD)
method. SVD, which is closely related to a principal component analysis, is a useful method
for determining the dimension of a data matrix or the number of component spectra in
the dataset [42,43]. As a result, the SVD analysis provided three singular values that were
significantly larger than zero and estimated three component spectra that can construct
the SRCD dataset within experimental error (Figures S2 and S3). This indicates that
the SRCD spectra over the entire range of the L/P ratio can be explained by only three
components, meaning that the spectral set in Figure 1 can be explained by the three-state
model. However, the component spectra obtained from SVD might not correspond to
that of M2 in each independent state (native, intermediate, and membrane-bound states)
because the spectrum of M2, even in the native state, is composed of the components of
secondary structures [43]. Hence, further analyses were conducted as follows:

Several physical models can explain the adsorption of peptides on membrane sur-
faces [38,44,45]. Among them, the adsorption model with a large self-associating ligand
based on scaled particle theory successfully explained the sigmoidal shape of the adsorp-
tion isotherm of lysozyme (or ligand) on negatively charged membrane surfaces, showing
that the lysozyme gathered upon the membrane association [44]. The sigmoidal shape of
the adsorption isotherm is also a key behavior for interpreting the interaction between
M2 and negatively charged PG because the same sigmoidal curve was observed in the
tryptophan fluorescence experiments for M2 analogs and PG liposomes [14]. Hence, to
characterize the intermediate state of M2, we analyzed the SRCD spectral data (Figure 1)
using the adsorption model and the global fitting simulation (fitting procedures are pro-
vided in Section 2.7). This model assumes that peptides are in equilibrium between only
three states: the native state in aqueous solution, the membrane-bound monomeric state,
and the membrane-bound z-meric (oligomeric) state.

Figure 2a shows the L/P dependence of the fractional populations of M2 in the native,
membrane-bound monomeric, and oligomeric states. The inset of Figure 2a shows the plots
and fitting curve of CD at 193 nm against L/P. These experimental data were reproduced
well from the adsorption model with a large self-associating ligand. We also found that
the fitting error obtained using the adsorption model (E = 9.5) was much smaller than
that obtained using the simplest monomodal adsorption model [44] (E = 16.5), which also
supports the presence of the intermediate state. To understand the conformation of M2
in the intermediate state, we computed the spectra of M2 in the three states, as shown in
Figure 2b. Native M2 exhibited a negative CD peak at 200 nm, which is a characteristic
peak of the random coil structure [46], whereas M2 in the membrane-bound monomeric
state showed two negative peaks at 208 and 222 nm, and a positive peak around 193 nm,
which are characteristic of the «-helix structure [46]. Moreover, M2 in the oligomeric
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state exhibited a negative peak around 225 nm, and a positive peak at 200 nm, which are
characteristic peaks of the 3-strand structure [46], indicating that the «-helix monomers
of M2 in DPPG membranes self-associate and transform to (3-strand oligomers in the
intermediate state.
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Figure 2. (a) Lipid-to-peptide (L/P) dependence of fractional populations of M2 in membrane-bound
monomeric (closed circle: plots; solid line: fitting curve) and oligomeric states (open square: plots;
dashed line: fitting curve) (see Section 2.7 for the details of calculations). The fitting curves in (a) were
calculated using the following optimized parameters: K = 17500, Ky, = 3,z =5, and n = 2.2. The inset
of (a) shows the L/P dependence of the CD at 193 nm; (b) spectra of M2 at native, membrane-bound
monomeric, and oligomeric states.

In this model, the membrane-bound monomeric state of the peptide is modeled as a
spherical form [38]. However, the helix structure of M2 might need to be treated in a cylin-
drical form when considering the NMR structure of M2 bound to dodecylphosphocholine
micelles [47]. In fact, when Zuckermann and Heimburg [45] described the equilibrium
between the peptides adsorbed on membranes and the peptide oligomers inserted into the
membranes, they proposed an SPT-based model in which the membrane-bound peptide
was modeled as a cylindrical form. This model might improve the fitting error in our
study, but it requires the detail structural parameters of cylindrical form such as the length
and the radius. Since it was difficult to obtain these structural parameters of random coil,
o-helix, and (3-strand structures of M2 in this study, we used the spherical form. In fact,
this form reproduced well the fractional population of the three states obtained from the
global fitting simulation (Figure 2).

Previous research suggested that light scattering due to the self-association of pep-
tides and liposomes induces the distortion of CD spectra [48], and the presence of an
intermediate state in the research was attributed to the effect of light scattering distortion.
We measured the optical density of the M2-DPPG liposome system at 450 nm using a
commercial absorption spectrophotometer and a quartz cuvette with an optical path length
of 1 cm, and observed slight light scattering in the system at an L/P ratio of 3 (Figure S4).
Thus, we optimized the measurement system, such as the positioning of the sample holder
and detector, because this optimized system realized the measurements of undistorted CD
spectra of proteins even in the presence of large unilamellar vesicles [24,49]. We observed
that the raw CD spectra of M2 exhibited no baseline shift at 260 nm, which is believed to be
an artifact of light scattering [48] (data not shown). These results indicate that the effect of
light scattering on the SRCD spectra was negligible. Therefore, the intermediate state of
M2 in DPPG liposomes does not originate from scattering artifacts.

The spectra of M2 in the three states were analyzed using the SELCONB3 program to
estimate the secondary structures of M2 in the native, membrane-bound monomeric, and
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oligomeric states. The analytical results from the CDSSTR and BeStSel programs [30,50]
were almost consistent with those of SELCON3 (Figure S5). Figure 3 shows the secondary
structure contents of M2 in the three states. The SELCONB3 analysis revealed that native
M2 comprised 7.5% «-helix, 28.4% {3-strand, and 64.1% turn and unordered structures
(others), showing that M2 forms a random coil in an aqueous solution. In contrast, M2 in
the membrane-bound monomeric and oligomeric states included 70.2% and 1.2% o-helix,
10.9% and 46.3% (-strand, and 18.9% and 52.5% others, respectively. These data suggest
that the oligomeric state of M2 interacting with DPPG membranes induced a large number
of B-strand structures.
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Figure 3. Bar graphs of secondary structures of M2 in native, membrane-bound monomeric, and
oligomeric states analyzed using the SELCONB3 program (black: a-helix; gray: 3-strand; white: turn;
meshed: unordered structure).

3.2. Synchrotron-Radiation Linear Dichroism

We then conducted LD measurements of M2 in the presence of DPPG liposomes
around L/P ratios of 4 and 25, which correspond to the experimental conditions mainly
occupied by the oligomeric state and the membrane-bound monomeric state, respectively,
to estimate the orientation of the secondary structures (c-helices and 3-strands) of M2 on
the DPPG membrane surface. To obtain the LD spectra of M2, we used a liquid circulation
system in which liposomes can deform from spherical to elliptical shapes in a shear flow
environment. In the flow system, the average ratio of major axis/minor axis for the typical
liposome, dimyristoyl phosphatidylcholine liposome, is approximately 1.7 at a flow velocity
of 1.0 mL min~!. [24,51]. Because the long axis of the elliptical liposome was oriented
along the flow direction, the average orientations of secondary structures in the liposomes
showed slight biases, providing the LD signals depending on the secondary structure
orientations against the membrane surface. M2 in DPPG liposomes at a flow velocity of
1.0 mL min~! showed a positive peak around 195 nm with a shoulder around 205 nm
at L/P = 25 and a positive peak around 200 nm and a small shoulder around 220 nm at
L/P =4, as shown in Figure 4. Furthermore, both spectra depended on the flow velocity
from 0 to 1.0 mL min~! (the insets of Figure 4). The observations of LD signals mean
that the helical and strand structure directly interact with the DPPG liposomes. Since
M2 forms helical and strand structures around L/P = 25 and 4, respectively (Figure 1)
and free peptides in aqueous solution show no LD signals, these results suggest that the
observed LD was mainly affected by the oriented helical structure of M2 for L/P = 25 and
the oriented strand structure for L/P = 4 on the elliptical liposomes.

78



Membranes 2022, 12,131

—_~
Q
S~—

20

1.5

1.0

0.5

0.0

LD x 10 / Absorbance unit

—_~
(®))
~—r

T I‘_ T 15 T I« T
5 b — 50
g c
8190 =1 2
2 4 © gos
o 1o} l
n: m éUZ
z el g
® 0.0 — ©
- . o) 500
% (2] <
=] 00 02 04 06 08 10 Qo 05} q 00 02 04 06 08 10 .
Flow velocity / ml min”* < : Flow velocity / ml min”'
~
7 @
o
-
ool NN A
P AN A =)
-
1 1 1 _05 1 1 1
200 220 240 260 200 220 240 260

Wavelength / nm Wavelength / nm

Figure 4. Linear dichroism (LD) spectra of M2 in DPPG liposomes at the lipid-to-peptide ratio (L/P)
of (a) 25 and (b) 4. The insets of (a,b) show the dependence of flow velocity on the LD at 195 and
200 nm, respectively. All spectra were recorded at 25 °C, pH 7.0, and M2 concentration of 200 uM.
Experimental conditions are described in detail in Section 2.4.

The electric or magnetic dipole moments of helical structures are approximately verti-
cal to the helix axis at 190 nm, parallel at 208 nm, and vertical at 222 nm [51]. Furthermore,
the absorption spectrum of M2 at an L/P ratio of 25 was successfully reproduced by the
three component spectra of Gaussian functions, which have peak positions around 222,
208, and 190 nm, respectively, as shown in Figure Sé6a. These results allowed us to analyze
the LD spectra under two different assumptions: first, all M2 peptides form the same
helical orientation with a single helical angle against the membrane surface; second, M2
peptides form perpendicular (transmembrane) and parallel helical structures against the
membrane surface. The results under the first assumption showed that the LD spectrum
could be interpreted as the angle between the M2 helix axis and the membrane normal (48°)
(Figure S6b) while those under the second assumption showed that the ratio of M2 helix
axes perpendicular and parallel to the membrane surface was 1:1.2 (Figure Séc). Both fitting
analyses reproduced the experimental LD well, as shown in Figure S6d. As for the LD
spectrum at an L/P of 4, the electric or magnetic dipole moments of the (3-strand structure
were approximately vertical to the strand axis at 195 nm, parallel at 219 nm, and vertical at
221 nm [51,52]; however, the fitting analysis, as described in Figure S6, was difficult because
the two dipole moments (219 and 221 nm) were very close and had inverse directions,
which induced cancelation. However, a positive peak around 200 nm was clearly detected
in the LD spectrum and showed that the axis of the 3-strands of M2 was perpendicular to
the membrane surface on average.

3.3. Fluorescence Anisotropy

To investigate the contribution of the o-helix formation in the monomeric state and the
[-strand formation in the oligomeric state to the stability of lipid membranes, we measured
the fluorescence anisotropy of DPPG liposomes in the presence of M2 at L/P = 25 and 3.
Fluorescence anisotropy can monitor the degree of dynamics or rotational mobility of
DPH in liposomes, and the parameters are then used to investigate the lipid packing
(ordering) or the membrane fluidity of lipid bilayers [35,53]. The DPH probe is present
in the hydrophobic core of liposomes and the motion of the DPH molecules is normally
restricted to the gel-phase liposomes, resulting in high fluorescence anisotropy values.
However, when the temperature is increased or the phase of the lipid bilayer shifts to the
liquid-crystalline phase, the degree of rotational mobility of the DPH molecules increased,
leading to a decrease in the anisotropy values. Figure 5 shows the temperature dependence
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of the fluorescence anisotropy values r of DPPG liposomes in the absence of M2 and at
L/P=25and 3.

LpP
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Figure 5. Fluorescence anisotropy values r and fitting curves of DPPG liposomes in the absence of
M2 and in the presence of M2 at L/P = 25, and 3. The inset shows P/L (L/P) dependence of r at
25 °C. All data were recorded at pH 7.0 and DPPG concentration of 400 uM. Experimental conditions
are described in detail in Section 2.5.

As shown in the inset of Figure 5, the r at 25 °C linearly decreased as L/P decreased,
up to 10, whereas r did not change below a L/P of 10, implying that the effect of M2 binding
on the DPPG membrane changes around L/P = 10. We analyzed the midpoint temperature
Tm and the molar enthalpy change AH of the phase transition of DPPG liposomes in the
presence of M2 using a sigmoid function (Equation (2)). The fitting curves were well fitted
to the experimental data (Figure 5). The Ty, and AH values are listed in Table 1. From this
table, pure DPPG liposomes showed a phase-transition temperature (Tr,) of approximately
40.1 °C, which is consistent with the main phase-transition temperature of the DPPG
membrane (T = 41 °C), showing that the DPH fluorescence anisotropy measurement
can successfully monitor the change in membrane fluidity of DPPG liposomes. The Tr,
of DPPG liposomes at a L/P = 25 was 41.7 °C, which was higher than that of pure DPPG
liposomes. In contrast, the Ty, of DPPG liposomes at L/P = 3 was 31.3 °C, showing a
significant decrease. This indicates that M2 in the DPPG membranes at L/P = 3 destabilizes
the bilayer structure of the membranes. Since M2 can form a monomeric helical structure
and oligomeric strand structure at L/P = 25 and 3, respectively, these findings suggest
that the adsorption of monomeric and oligomeric M2 on the DPPG membranes largely
contributes to the stabilization and destabilization of the membrane, respectively.

Table 1. Midpoint temperature T, and molar enthalpy change AH obtained by fitting the temperature
dependence of the fluorescence anisotropy in the absence of M2 and in the presence of M2 at L/P of

25 and 3 in Figure 5.
L/P Tm [°C] AH [kcal/mol]
Only liposome 40.12 £ 0.02 351 +7
25 41.71 £0.02 180 + 4
3 31.31 £0.03 231 £7
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4. Discussion

In this study, we used SRCD spectroscopy to reveal that the conformation of M2
changed from random coil to «-helix structures via an intermediate state as the L/P ra-
tio increased. The global fitting analysis of the SRCD spectra based on the adsorption
model indicated that «-helical M2 monomers assembled and transformed into 3-strand M2
oligomers in the intermediate state. LD data also showed that the 3-strand M2 oligomers
bind to the membrane as the strand axis is perpendicular to the membrane surface. To eluci-
date the effect of oligomerization on the structure and stability of lipid membranes, further
we conducted fluorescence anisotropy measurements of DPPG liposomes in the presence
of M2 and revealed that the formation of an oligomeric 3-strand structure contributed to
the destabilization of the membrane structure. Therefore, our findings demonstrate that
the oligomeric 3-strand structure of M2 in membranes plays a crucial role in the disruption
of the cell membrane.

Our SRCD data showed that M2 formed a helical conformation on the membrane
at L/P = 25 and in the monomeric state. The LD result at L/P = 25 could be interpreted
as the two possible orientations of M2 with respect to the membrane surface: the helix
axis of M2 for the membrane normal was uniformly distributed at an angle of 48° or the
helix axes of M2 perpendicular and parallel to the membrane surface were mixed at a ratio
of 1:1.2. In addition, our fluorescence anisotropy data showed an increase in the membrane
stability at L/P = 25. According to previous research [40], pure electrostatic interactions
between negatively charged DPPG headgroups and positively charged residues of peptides
contributes to the increase in membrane stability, whereas the hydrophobic interaction
of peptides with membrane core regions induces perturbation of lipid chain packing,
leading to the destabilization of the membrane structure. Furthermore, Fourier transform
infrared (FTIR) and solid-state NMR spectroscopy have indicated that x-helical M2 analogs
directly bind to the headgroups of DPPG phospholipids [21]. If the helix axis of M2 was
uniformly distributed at an angle of 48° against the membrane normal, M2 would be
partially inserted into the membrane, resulting in hydrophobic interactions, destabilizing
the membrane structure. Wimley [19] suggested four types of models for the molecular
mechanism of the antimicrobial activity of M2, one of which is that M2 peptides can form
a transmembrane pore. In this case, the polar faces of peptides whose helical orientation
is perpendicular to the membrane surface can interact with the polar headgroups of
phospholipids [7], stabilizing the membrane structure. Hence, it is possible that helical
M2 interacts with DPPG headgroups and exists in a mixture of perpendicular and parallel
helices. Furthermore, because the toroidal pore formation and other models, such as carpet
and detergent models do not require specific peptide-peptide interactions [19], it is also
possible that M2 peptides in the pore formation could be treated as a monomeric state.

To confirm the presence of pore formation at L/P = 25, we tested M2-induced leakage
of calcein molecules entrapped in DPPG liposomes and found that approximately 30%
of the dye molecules were released from the liposomes (Figure S7). This result indicates
that the pores formed in liposomes at L/P = 25, but the M2-induced disruption of DPPG
liposomes would not be completed under this condition. In contrast, the extent of liposome-
entrapped calcein leakage at L/P = 4 was 2-fold greater (~60%) than that at L/P = 25.
Hence, elucidating what occurred around L/P = 4 might be important for understanding
the overall molecular mechanism of DPPG liposome disruption by M2.

We found that the «-helix monomers of M2 assembled and transformed into (3-strand
oligomers as the L/P ratio decreased from 25 to 4. Although our fitting analysis of the
SRCD data did not yield the unique thermodynamic parameters of the M2 adsorption to
DPPG membranes due to strong cross-correlation between each parameter and the limited
number of data points (Figure S8), the fitting analysis suggested that M2 in the DPPG
membranes formed the (3-strand z-mer (z > 2). We also estimated that the average axis of
[3-strands was perpendicular to the membrane surface and confirmed that the formation of
(3-strand oligomers contributed to the destabilization of the membrane structure. Since the
hydrophobic interaction of peptides with membrane core regions induces destabilization
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of the membrane structure [40], the 3-strand oligomers of M2 may be buried in the DPPG
membrane core or the disruption of the chain packing of DPPG membranes. These results
suggest that the oligomeric 3-strand M2 has unique conformations, such as the toxic
[-sheet channels of protegrin-1 [54] and transmembrane amyloid 3 (Af3) oligomers [55].
Ciudad et al. suggested that the 3-strand-rich A342 tetramer formed lipid-stabilized
pores in a membrane-mimicking environment, in which water permeation occurred [55].
The discussion requires further analyses such as FTIR [21], vibrational sum frequency
generation [56], and Raman spectroscopy [22]. However, the 3-strand oligomers of M2 may
contribute to the formation of stable pores in DPPG membranes, inducing the complete
disruption of the membrane structure.

Previous reports [57] suggested that AH and T, of membrane phase transition were
basically correlated with each other for several membrane-bound proteins and peptides,
meaning that the destabilization of membrane (decrement in Ty,) would relate to the
decrement in AH. In this study, we observed that both AH and Tr, of the phase transition of
DPPG liposome decreased at L/P = 3, compared to those of pure DPPG liposome (Table 1),
which identifies with the previous results and suggests that the penetration of oligomeric
M2 peptides would contribute the destabilization membrane and the decrement in AH.
However, the AH and T, at L/P = 25 decreased and increased, respectively. This conflict
might be induced by the unique conformations of M2 on the membrane because M2 would
form two types of orientations on the membrane (the helix axes of M2 perpendicular
and parallel to the membrane surface were mixed at a ratio of 1:1.2). The AH and T,
at L/P =25 might be also interpreted from a balance between the stabilization by the
electrostatic interaction and the destabilization by the pore formation.

We investigated the conformation of M2 in dimyristoyl-phosphatidylglycerol lipo-
somes and observed that M2 in the liposomes did not show the presence of an oligomeric
state with a 3-strand structure (data not shown). It is likely that the formation of oligomeric
-strand structures largely depends on the inherent characteristics of lipid constituents,
such as the phase-transition temperature and tail region length. Given that bacteria change
the lipid composition, including the acyl chain, of their cell membranes in response to their
environment [58-60], to understand the antimicrobial mechanism of M2, it is important to
characterize the detailed dependence of lipid constituents. In addition, it is important to
investigate the interactions between M2 and bacterial cells [61] to clarify whether M2 can
form p-strands when interacting with bacterial cells under physiological conditions.

5. Conclusions

In this study, SRCD, LD, and fluorescence spectroscopy were used to characterize
the relationships between the conformations and activities of M2 on the DPPG membrane.
We found that M2 formed (3-strand oligomers in DPPG liposomes, which induced the
destabilization of the membrane structure and the leakage of calcein molecules entrapped
in the membrane. It has been commonly recognized that the formation of the helical
structure of M2 on the membrane could be the driving force of the destabilization of
the membrane or the antimicrobial activity; however, our findings demonstrate that the
oligomeric 3-strand structure of M2 in membranes also plays a crucial role in the disruption
of the cell membrane, and future studies will be necessary to characterize the molecular
mechanisms underlying the antimicrobial action of M2, which would be helpful for gaining
new insights into the antimicrobial mechanism of AMPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/membranes12020131/s1, Figure S1: SRCD spectra of M2 in DPPE/DPPG (molar ratio: 3/1)
liposomes at 25 °C, Figure S2: SVD analysis results of SRCD spectra of M2 in DPPG liposomes,
Figure S3: Error in reproducing SRCD data set of M2 in DPPG liposomes using basis CD spectra
from SVD analysis, Figure S4: Optical density at 400 nm of M2-DPPG liposome system, Figure S5:
Bar graphs of secondary structures of M2 obtained by CDSSTR and BeStSel programs, Figure S6:
(a) absorption spectrum of M2 in DPPG liposomes at the L/P of 25 and deconvoluted absorption
spectra, (b) angle dependence of theoretical LD spectra, (c) [Transmembrane]: [On surface] ratio
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dependence of the theoretical LD spectra, and (d) experimental and calculated LD spectra of M2
in DPPG liposomes at the L/P of 25, Figure S7: results of calcein dye leakage assay, Figure S8:
Dependence of the fitting error on z.
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Abstract: Membrane proteins reside in the lipid bilayer of biomembranes and the structure and
function of these proteins are closely related to their interactions with lipid molecules. Struc-
tural analyses of interactions between membrane proteins and lipids or detergents that constitute
biological or artificial model membranes are important for understanding the functions and physico-
chemical properties of membrane proteins and biomembranes. Determination of membrane protein
structures is much more difficult when compared with that of soluble proteins, but the development
of various new technologies has accelerated the elucidation of the structure-function relationship of
membrane proteins. This review summarizes the development of heavy atom derivative detergents
and lipids that can be used for structural analysis of membrane proteins and their interactions with
detergents/lipids, including their application with X-ray free-electron laser crystallography.

Keywords: membrane protein; lipid; detergent; chemical synthesis; X-ray free-electron laser (XFEL);
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1. Introduction

All cellular organisms have biomembranes composed of lipids, which form a bound-
ary between the cell cytoplasm and the surrounding extracellular environment and
organize complex structures inside the cell to construct cellular organelles [1]. Membrane
proteins localize in the lipid bilayer of biomembranes and play a variety of important
functions such as transport of various substances between the inside and outside of the
cell, signal transduction, energy synthesis, and cell adhesion. In particular, membrane
proteins associated with human diseases are attracting considerable attention as drug
targets and are actively studied. Compounds that bind to membrane proteins and inhibit
or promote their functions are being explored as drug candidates, and membrane pro-
teins overexpressed on the surface of certain cancer cells are targets for the development
of antibody drugs [2-5]. Thus, elucidation of the structure and function of membrane
proteins including their interactions with lipids at the molecular level is essential both
from the perspective of basic science to understand the mechanisms of life and from the
perspective of medical applications. However, the progress of membrane protein research
has lagged behind that of water-soluble proteins because of the difficulties associated with
isolating hydrophobic membrane proteins in sufficient quantity and quality for analysis.
In the field of structural biology, only about 6000 of the approximately 180,000 structural
coordinates registered in the Protein Data Bank (PDB) are those of membrane proteins.
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Nonetheless, advances in research technology have accelerated the study of mem-
brane protein structures. With the continuous development of genetic engineering, ex-
pressing high levels of stable membrane proteins as recombinant proteins and purifying
them with a sufficient yield has gradually become possible. High-speed atomic force mi-
croscopy has made it possible to image motion during functioning with nanometer-order
spatial resolution without destroying the structure of biological samples [6]. Cryo-electron
microscopy has undergone remarkable technological improvements over the last decade,
enabling structural analysis of membrane proteins and their complexes with near-atomic
resolution without requiring crystal preparation [7]. Most attempts to visualize the three-
dimensional structure of membrane proteins and their interactions with lipids/detergents
at near-atomic resolution or better have been made using X-ray crystallography. Ad-
vancing synchrotron radiation facilities and beamline technologies have facilitated the
determination of crystal structures of membrane proteins. This trend will continue with
the development of fourth-generation synchrotron radiation sources, including X-ray
free-electron laser (XFEL) facilities [8].

Solving new structures by X-ray crystallography requires both intensities and phases
of structure factors of diffracted X-ray waves; however, measured diffraction patterns
only give intensities (so-called “phase problem”). Therefore, experimental (de novo)
phase determination methods including single or multiple heavy-atom isomorphous
replacement (SIR or MIR), single- or multi-wavelength anomalous diffraction (SAD or
MAD) or the combination of SIR or MIR with anomalous scattering (SIRAS or MIRAS)
must be applied to solve the phase problem. Isomorphous replacement methods use the
difference in reflection intensities between the native crystal and the heavy atom-labeled
derivative crystal to determine the phases, whereas the anomalous diffraction method
uses anomalous differences between Bijvoet pairs [9]. Both methods require accurate
measurement of small intensity differences. However, expressing selenomethionine-
labeled recombinant proteins is time-consuming and costly, and even if the native crystals
are soaked in a heavy-atom solution, the heavy atoms often do not bind to the protein
or the crystallinity easily collapses, resulting in loss of diffraction ability. Thus, the
development of heavy atom labeled protein ligands is needed that bind various membrane
proteins and facilitate drawing electron density maps efficiently from X-ray diffraction
data to reveal three-dimensional structures.

In this review, we summarize the development and use of heavy atom derivative
detergents/lipids that can be used to analyze interactions between membrane proteins
and detergents/lipids and to determine the structure of membrane proteins. We also
discuss the potential of combining recently developed XFEL crystallography with heavy
atom detergents/lipids to understand the structure-function relationship of membrane
proteins and their interactions with detergents/lipids.

2. Heavy Atom Labeled Protein Ligands

Typical de novo methods to determine crystallographic phases involve heavy-atom
derivatization of protein crystals. These crystals can be used for isomorphous replacement
methods and anomalous diffraction methods. The period 4 to 6 elements, including
lanthanides, are often used as electron-rich heavy atoms for solving phase problems
when determining protein structures by X-ray crystallography. Soaking manipulation
introduces heavy metal ions or heavy atom-labeled compounds into protein crystals.
The successfully soaked ions or compounds in protein crystals are immobilized through
interactions with functional groups of proteins mostly by ionic and dipole linkages, H-
bonding, and coordination bonding [10,11]. Numerous conditions are typically screened
as a rule of thumb to ensure successful crystallization of the target protein and referring
to the chemistry of ionic interactions and covalent modifications is often useful for the
introduction of heavy atoms into protein crystals.

Protein ligands containing heavy atom moieties have been developed to achieve two
purposes. First, these ligands unveil the molecular interactions between proteins and
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ligands. The strong and characteristic diffraction of heavy atoms, due to their high electron
density and anomalous scattering, reveals the ligand position on the protein. Second, the
ligand can be used for de novo phasing to determine the protein structure. However,
careful design of the heavy atom ligand is essentially required to avoid disturbance for
the protein-ligand interaction. Heavy atom-containing detergents/lipids are potentially
useful for solving structures of membrane proteins because they have affinity for the
hydrophobic surface of membrane proteins and can be used to determine phases.

2.1. Halogens

Protein-ligand analogs carrying a Br or I atom have been used successfully to deter-
mine X-ray protein crystal structures with de novo phasing; however, careful design of
the analog structure is important because of the properties of halogen atoms. The car-
bon(sp®)-halogen bond length (C-Br: 191 pm; C-I: 216 pm) is significantly longer than the
corresponding carbon—-carbon bond length (151 pm) [12]. Thus, careful consideration may
be required when selecting protein crystallization conditions because of the bulkiness and
lower bond-dissociation energy of the carbon(sp?)-halogen bond (C-Br: 72.4 kcal/mol;
C-1: 56.9 kcal /mol) [13]. Possible instability can be overcome by installing halogens on
an aromatic ring because the bond-dissociation energy between a benzene carbon (Ph)
and the halogen atom is higher (Ph-Br: 84 kcal/mol; Ph-I: 67 kcal/mol) than that of
carbon(sp3)—halogen bonds [13].

The high electron density and anomalous scattering from halogen atoms are used
to disclose the exact atom position in crystal structures. A powerful application is to
elucidate the binding of drugs to membrane proteins. For example, the anomalous
scattering of Br installed on Fluoxetine (Br—Fluoxetine), the antidepressant drug named
Prozac®®, clearly reported the ligand position at the fenestration of the K2P channel
TREC-2, which is regulated by arachidonic acid [14]. In a similar approach, Br-labeled
Memantine, a drug used for treating Alzheimer’s disease, was used to accurately unveil
the binding mode to the prokaryotic pentameric ligand-gated ion channel [15]. The crystal
structure indicated that the Br analog blocks the extracellular entryway of the channel
pore to inhibit ion passage through the channel.

Halogen labeling has also been used to determine the crystal structure of RNA
molecules. RNA is a biopolymer that plays a direct role in the regulation of cellular
activities through molecular interactions. Some structures of RNA have been successfully
determined through de novo phasing using halogen atoms such as 5-bromouridine [16]
and 5-iodouridine [17]. Nucleotides are crucial protein substrates for maintaining cellular
homeostasis. ATP mimicking analogs with a halogen atom are good inhibitors of protein
kinases. The affinity of protein-inhibitor binding is dependent on the number and position
of halogen substitutions, which contribute to “halogen bonding” [18]. Therefore, halogen
bonding is another important function of halogen atoms introduced on the protein ligand,
which may enhance ligand-protein interactions and possibly modulate the orientation of
the ligand [19].

Cell membrane lipids are indispensable for regulating the structure and function of
membrane-related proteins. Phospholipids carrying brominated hydrocarbon chains 1
and 2 have been used to examine phase separation and domain distributions
(Figure 1) [20-22]. Namely, an electron-rich Br atom selectively positioned in the middle
or terminal position of a phospholipid hydrocarbon chain efficiently acts as a collisional
quencher for a fluorescence group close to the Br atom. These brominated fatty acids
of phospholipids are readily prepared by substituting the terminal alcohol with Br [23]
or adding Br, to an unsaturated bond [24]. The electron-rich Br atom can be a good
reporter in X-ray diffraction studies for detecting particular atomic positions in lipid tails
consisting of continuous methylene and terminal methyl groups. X-ray diffraction data of
a bilayer membrane composed of mono-bromo dipalmitoylphosphatidylcholine (DPPC)
1 disclosed the terminal position of the hydrocarbon chain in the membrane, where the
terminus of lipid chains was substituted with a Br instead of the w-methyl group [25].
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Br mimics the size of the w-methyl group of the hydrocarbon chain because both have
similar van der Waals radii (Br: 185 pm; CHjs: 200 pm). Bromination did not affect the
transition enthalpy and cooperativity significantly; although, mono-bromo DPPC showed
a significant decrease by 9 °C in the phase transition temperature. Brominated lipids
were also used to determine lipid binding sites on the surface of membrane proteins in
single-crystal X-ray structural studies of proteins [26]. This was achieved by discriminat-
ing between the hydrocarbon chains of lipids and those of detergents that were used to
reconstitute membrane proteins into membranes. When labeling phospholipids with Br
atoms, the anomalous signals from dibromo phospholipid 2 in Figure 1 and its analogs
with different lipid headgroups make it easier to discriminate lipid electron densities of
surrounding lipids from those of detergents and other molecules.

ll] Cap/ )J\/\/\/\/\/\/\
\[]/\/\/\/\/\/\/\/Br

(0] 1
| S (@]
\N 0. P//O )J\/\/\/\/\/\/\/\
/®\/\O/ ~ o)
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OW
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Figure 1. Structures of the bromo-phospholipids.

Brominated lipids can be used to determine lipidic ligand—protein interactions
(Figure 2). Chemosensory proteins transport chemicals from air to the receptor and
are associated with olfaction or taste processes. 12-Bromododecanol was used in a crystal-
lization study as a surrogate for the hydrophobic ligand of a chemosensory protein [27].
The clear observation of three peaks in the anomalous difference electron density map
revealed that three chain positions of the bromohydrocarbon occupied the large ligand
cavity of the protein after major structural changes. Pheromone binding proteins are
another class of odorant proteins. Similarly, iodohexadecane was used instead of the
intrinsic pheromone, bombykol, to determine the conformation of the binding cavity of
the insect pheromone binding protein from Bombyx mori [28].

We recently developed the synthetic route for w-doubly brominated 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (Bry-DMPC) via the tosyl intermediate (Scheme 1). Esteri-
fication of the w-tosyl fatty acid to the two hydroxy groups on glycerophosphocholine,
instead of using the w-bromo fatty acid, successfully produced an intermediate 3 in mod-
erate yield, and the following substitution reaction using LiBr afforded Br,-DMPC. These
brominated lipids will be used as ligands and as annular lipids in membrane protein
crystallization studies.

Large membrane proteins usually consist of multiple transmembrane helices and
sizable ectodomains. Therefore, labeling multiple sites of the membrane protein with
heavy atoms is an approach to solve phase problems in X-ray diffraction studies. The
use of appropriate detergents is often required to manipulate and crystallize membrane
proteins. Detergents used for crystallization can be conveniently labeled with heavy
atoms, which is suitable for de novo phasing. Accordingly, heavy atom-bearing tripod
amphiphiles shown in Figure 3 were developed previously [29]; the iododetergent 4,
which solubilizes membrane proteins, is suitable for manipulating membrane proteins.
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Figure 2. Crystal structures of the complex with lipidic ligands with halogen moiety. Moth chemosensory protein CSPM-
braA6 with bromohydrocarbon chain (PDB ID: 1N8U) (A). Moth pheromone binding protein BmorPBP with iodohexadecane
(PDB ID: 2P71) (B). Hydrocarbon chain of the ligands were shown in sky-blue, and Br and I were shown in purple and

magenta, respectively.
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HOJ\/\/\/\/\/\/\OTS a) DCC, 4-pyrrolidinopyridine

3:R=0Ts
b) LiBr |:
Br,DMPC: R = Br

Scheme 1. Synthesis of w-Br,-DMPC. Synthetic procedures; (a) N,N’-dicyclohexylcarbodiimide
(DCCQ), 4-pyrrolidinopyridine, CH,Cl,, 40%. (b) LiBr, acetone 41%. Ts; p-toluenesulfonyl group.
Detail of this synthesis was described in Supplementary Materials.
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Figure 3. Lipophilic compounds and detergents bearing multiple halogen substitutions that can be used to solve the phasing

problem for membrane protein structures.

We developed amphipathic compounds, phospholipid mimics and detergents bear-
ing multiple halogen substitutions on aromatic rings for de novo phasing and revealing
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lipid-protein interactions. The amphipathic properties manifested by the hydrophilic
headgroups linked to the lipophilic hydrocarbon tails are essential for these molecules
to mix well with bilayer membranes and interact with membrane proteins in a simi-
lar manner to intrinsic lipids (Figure 3). Furthermore, the multiple halogens arrayed
on a plane of the aromatic ring assisted with the easy detection of the moiety. Com-
mercially available benzoic acid or phthalic acid derivatives carrying multiple halogen
substitutions, some of which have been used as a phasing reagent in protein crystalliza-
tion [30,31], were coupled with lipophilic moieties through amidation or esterification
with alkyl amine, lysophosphatidylcholine or fatty acids to give compounds 5a, 5b, 6a
(HAD16), 6b, HAD13a [32], and HAD13b (see Supplementary Materials for synthetic
details). Importantly, HAD13 was developed based on a successful phasing reagent
5-amino-2,4,6-triiodoisophthalic acid (I3C, or magic triangle) [30,31] for application in
X-ray imaging. I3C is a common synthetic intermediate for several X-ray contrasting
reagents safely used to improve the visibility of vascular structures and organs during
radiographic procedures in clinical diagnostics [33,34]. I3C has been used for solving the
crystal structure of more than 30 protein structures (mainly soluble proteins) in the PDB.
Recently, 5-amino-2,4,6-tribromobenzene-1,3-dicarboxylic acid and tetrabromotereph-
thalic acid, which are bromo analogs of I3C, were successfully used as phasing reagents
in the crystallization of model proteins [35,36]. Further application of I3C and other
halogenated benzoates for membrane protein crystallization was achieved by improving
the amphiphilicity of the halogenated benzoate by introducing an acyl chain at an amino
group or coupling with a lysophospholipid. The amphiphilic nature of these compounds
ensures good miscibility with phospholipids and for acting as detergents by surrounding
membrane proteins. Phospholipid mimics 6a (HAD16) and 6b and detergents HAD13a
and HAD13b were miscible in DMPC/CHAPSO bicelles (g = 2.8), which were used for
crystallization of membrane proteins [37], whereas hydrophobic compounds 5a and 5b
were shown to readily form precipitates. In practice, HAD13a was used successfully
to perform de novo phasing of XFEL diffraction data obtained from membrane protein
microcrystals (see details in Section 3).

2.2. Selenium

Selenium is a major heavy atom that is used to achieve de novo phasing of protein
crystallographic data. Oxygen and sulfur belong to the second and third periods of the
group 16 elements in the periodic table, thus being potentially substituted with a selenium
element in the 4th period. Therefore, recombinant expression using selenocysteine and
selenomethionine readily furnishes target proteins with heavy atom labels, which are
suitable for the SAD/MAD phasing method [38]. However, care must be taken because the
toxicity of selenomethionine sometimes hampers the growth of recombinant organisms
used to overexpress target proteins. In addition, selenium derivatives of nucleic acids have
been incorporated into DNA and RNA to solve the phase problem in MAD phasing [39].

Selenium-labeled derivatives of ligands that bind to proteins have been synthesized
for protein crystallography. The selenium atom on the protein ligand is used to phase X-
ray diffraction data and determine the exact atomic position of the bound ligand by using
anomalous scattering, as is the case with halogen ligands. In carbohydrate chemistry,
selenium-containing sugars and their derivatives have been developed as antioxidants
and glycosidase inhibitors [40,41]. Although selenium is a highly toxic element, the
potential of these seleno-sugars as lead compounds for therapeutic reagents has been
examined [42].

Selenomethyl-N-acetylglucosamine (BMeSe-GlcNAc), a selenium-labeled sugar, was
first used for protein crystallization to solve the phasing of data obtained on bacterial
F17-G adhesin (Scheme 2) [43] because GIcNAc is a native ligand of this adhesin. The
selenomethyl group was smoothly installed at the anomeric position of 1-chloro-GlcNAc.
BMeSe-GlcNAc successfully mimics the native ligand because the binding constants
of GIcNAc and BMeSe-GlcNAc to the adhesin are similar. Imberty and co-workers
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developed a selenomethyl derivative of fucose (8-MeSe-Fuc) (Scheme 2). BMeSe-Fuc was
first used as a seleno-ligand for phasing when solving the crystal structures of fucose-
binding lectins derived from a plant pathogenic bacteria [44]. BMeSe-Fuc was also used
to determine the co-crystal structure of other lectins AFL [45] and BC2L-C [46], which
originate from the opportunistic infection-related fungus Aspergillus fumigatus and the
bacterium Burkholderia cenocepacia, respectively. «MeSe-Fuc was readily synthesized by
anomerization of fMeSe-Fuc with a Lewis acid [47] or glycosylation between fucosyl
imidate and a selenoacetal acceptor [48]. Recently, Shimabukuro et al. successfully
introduced the MeSe group at the 2—, 3, or 4-OH position of fucose (Figure 4) and
these compounds were used as ligands for a fucose binding lectin that originated from
Aspergillus oryzae [49]. The MeSe substitution disclosed the essential hydroxy group for
interaction with the lectin. Currently, the selenium atom can be incorporated into an
oligosaccharide structure, which facilitates applications of seleno probes to elucidate
oligosaccharide binding to proteins by not only crystallography but NMR because 7’Se
(I =1/2, 7.6% natural abundance) is an NMR active nucleus that gives rise to a sharp
signal [50].
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Scheme 2. Synthetic scheme of the selenoglycosides where selenium was substituted at the glycoside oxygen.
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Figure 4. Fucose derivatives with selenomethyl substitutions at the 2, 3, or 4 hydroxy group (A) and sialylglucose derivative

OH COQOH

Se_

with three selenomethyl substitutions (B).

The hydrophilic sugar moieties are also used as headgroups of detergents to manipu-
late and crystallize membrane proteins. Detergents carrying a heavy atom can be used in
membrane protein studies. Dodecyl-B-D-selenomaltoside (SeDDM), a heavy atom analog
of dodecyl-B-D-maltoside (DDM), was used to achieve MAD phasing when solving the
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structure of leukotriene C4 synthase by X-ray crystallography (Figure 5A) [51]. Further-
more, SeDDM was used successfully as a phasing detergent to solve the structure of the
prokaryotic pentameric ligand-gated ion channel [52]; however, the sugar headgroups
were poorly resolved (Figure 5B). Detergent bundles of SeDDM were clearly observed
inside the pore.

-,

{/ {_):Se atoms

N/ e

Figure 5. Crystal structures of transmembrane proteins Leukotriene C4 synthase (PDB ID: 3B29) (A) and pLGIC pentamer
(PDB ID: 4IL4) (B) using SeDDM as the phasing detergent. The hydrocarbon chains of Se-DDM are shown in sky-blue.

Fatty acids are amphiphilic compounds ubiquitously present in our body. A seleno-
fatty acid whose methylene group was substituted with a selenium atom was developed
because their van der Waals radii are very similar (Se: 190 pm; CHj: 200 pm). Carbon
belongs to group 14 and is thus different from selenium in the periodic table. This
difference results in a slightly longer bond length (C—Se: 194.5 pm; C-C: 154.0 pm) and
a smaller bond angle (C-Se—C: 96.3°; C-C—C 112.6°). Thus, the distance between the
two carbon atoms of a C-Se-C moiety is 289.8 pm, which is 34 pm longer than the
distance of 1,3-carbon atoms in an alkane. However, this difference does not affect the
conformation of the whole acyl chain significantly, except for the selenoether and its
neighboring portions. Therefore, selenium can be used as a bioisostere for a methylene
unit, which is particularly useful for introducing a heavy atom into the hydrophobic part
of detergents and ligands. For example, Fredga and Lindgren first reported the synthesis
of 4-seleno-hexadecanoic acid and 12-seleno-hexadecanoic acid, the seleno analogs of
palmitic acid (Scheme 3) [53]. Two or more selenium atoms were also incorporated into
a fatty acid using a similar synthetic pathway [54]. Sadek and Basmdjian incorporated
radioactive 7>Se into fatty acid chains for imaging [55].
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reduction CH3-(CH5),-Br

[-Se-(CH,)m-COOH], HSe-(CHy),,-COOH

CH3-(CH3),-Se-(CH3),,-COOH

NaBH,
R-Se-Se-R  + |-CH,-COONa or Br-(CH,),-COONa

CH3(CHz)n1-7589-(CH2)n2-COOH

n1=11,n2=1 n1=13,n2=2
n1=11,n2=2 n1=15,n2=1
n1=13,n2=1 n1=15,n2=2

Scheme 3. Conventional synthesis of seleno-fatty acids.

Selenium is an essential trace element and a source of the antioxidant selenoproteins.
Ether-type lipids bearing a selenomethyl moiety at the terminus of a hydrocarbon chain
were synthesized to gain antioxidant activity [56,57]. Interestingly, seleno fatty acids were
also developed as antimicrobial agents [58]. These seleno-lipid derivatives can be used to
solve the phase problem in appropriate protein crystallization studies.

Lipidic ligands carrying a heavy atom moiety are also useful for revealing lipid—
protein interactions, not only for phase determination but by making the heavy atom
position conspicuous with the anomalous difference map. Recently, we developed a
heavy atom derivative of x-galactosylceramide (x-GalCer) known as KRN7000, which
activates immune responses by inducing cytokine production upon binding to the protein
CD1d (Figure 6) [59]. Selenium was incorporated into the fatty acid chain of x-GalCer by
substitution of a methylene group through chemical synthesis. The selenium and w-halo
derivatives were potent inducers of IFN-y and IL-4 production in murine splenocytes.
The heavy atom-modified lipid derivatives of x-GalCer were accommodated deeply in
the lipid-binding cavity of CD1d.

;/1{‘614&»9 KRN7000: R = CHj
H Halo-aGalCer: R =F, CI, or Br.

Ho O 9
0 HY XY e
OH i 18

HO
H

\/\{5/\{:14"'29
H

12'Seleno-aGalCer, X = Se, ¥ = CH;
18'Seleno-aGalCer, X =CH,, ¥ =5e

(A) (B)

Figure 6. Structures of heavy atom derivatives of x-galactosylceramide and binding model with CD1d. The chemical
structures of x-GalCer derivatives with terminal halogens or selenium (A), and the superposed structures of murine CD1d
complexed with Thl-selective ligand C8PhF (PDB ID: 3GMO; pink ribbon and purple wire) and that with KRN7000 (PDB
ID: 3HES; sky-blue ribbon and blue wire) (B). C26’ of KRN7000 is shown as a dark green ball and C12’/C18’ are shown
with gray balls, which corresponded to halogen and selenium positions of the synthetic analogues, respectively.
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3. Serial Femtosecond Crystallography (SFX)

An important recent innovation in quantum beam technology for structural biol-
ogy is the emergence of XFEL. The world’s first XFEL facility, LCLS [60], was built at
Stanford University in the United States in 2009. In 2011, SACLA [61] was established
in Japan, followed by the European XFEL [62] in Germany, PAL-XFEL [63] in Korea and
SwissFEL [64] in Switzerland. Serial femtosecond crystallography (SFX) is a new data
measurement technique of X-ray crystallography, which takes advantage of the ultra-high
beam brilliance, femtosecond pulse duration and high spatial coherence of XFEL [65]. At
SACLA, an operation mode with a wavelength range of 0.62-2.76 A, a pulse duration of
2-10 fs, a pulse energy ~400 u] at 10 keV, and a frequency of 30-60 Hz is available for
SFX [66].

In SEX measurements, many microcrystals are ejected at random orientations from
an injector and introduced into the orbit of the XFEL beam, and the diffraction image
produced when a single pulse of XFEL hits a microcrystal within a femtosecond exposure
time is recorded at room temperature. Because the brightness of the XFEL is typically
a billion times brighter than synchrotron radiation such as SPring-8, the diffraction
intensity obtained with a single XFEL pulse is comparable to the diffraction intensity
of a 1-s exposure with synchrotron radiation. Diffraction images of thousands to a half-
million microcrystals are collected for structural analysis. In the case of synchrotron
radiation crystallography (SRX), at least milliseconds of exposure time are required for
data collection, which results in radiation damage and photoreduction, a phenomenon
where hydrated electrons that are generated on the order of picoseconds by the interaction
of X-rays with water molecules in the crystal react with protein molecules in the crystal to
break chemical bonds and reduce metal active centers [67]. Because femtosecond XFEL
diffraction in SFX is completed on a shorter timescale than the process of radiation damage
and photoreduction, this technique captures the damage-free structure of samples [68].

3.1. De Novo Phasing in SFX

Since the first construction of the XFEL facility in 2009, all SEX structures reported
in international journals had been solved by the molecular replacement method using
known structures as search models. This is because phase determination by the anomalous
scattering method requires accurate measurement of small intensity differences between
the reflections of the Bijvoet pairs, which is much more difficult with SFX than with
the conventional SRX oscillation method. In SFX, data are collected by irradiating a
large number of microcrystals of different sizes and orientations with XFEL pulses that
have fluctuations in intensities and wavelength spectra. This leads to large errors in the
observed diffraction intensities, and all measurements are partial reflections, making
it difficult to determine the phases. In 2014, the first de novo structure determined
with SEX was reported by the Gd-SAD method using a model protein lysozyme [69].
Subsequently, we reported de novo phasing of the luciferin-regenerating enzyme by
the Hg-SIRAS method [70] and lysozyme by the S/CI-SAD method [71] in 2015 and
successfully determined the structure of copper-containing nitrite reductase by the Cu-
SAD method in 2016 [67]. In the same year, the phase determination of BinAB by the
Hg/Gd/I-MIRAS method [72] and streptavidin by the Se-SAD method [73] were reported.
Thus, successful cases of de novo phasing by SFX were reported. However, these data
analyses are all from water-soluble proteins and required tens or hundreds of thousands of
high-resolution diffraction images of 1.7-2.3-A resolution. Therefore, the authors took on
the challenge of developing an efficient method for the phase determination of membrane
proteins by SFX.

3.2. De Novo Phasing with the HAD13a Detergent

In general, the diffraction quality of membrane protein crystals is lower when com-
pared with that of water-soluble proteins. This is also true for SFX using the most brilliant
XFEL light source available today. In the experimental phasing method of SRX, heavy
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atoms such as Se, Hg, Au, and Pt, which have absorption edges around 1.000 A, have
been selected frequently and used to derivatize relatively large crystals (50200 pum).
This is because, in most cases, the beamlines used for X-ray crystallography of biological
macromolecules are optimized for wavelengths around this range. In contrast, because
SFX uses microcrystals (1-50 um), X-ray beams with longer wavelengths are often selected
to obtain larger diffraction signals. We selected iodine, which has an excellent anomalous
scattering effect at longer wavelengths (f” = 8.6e at 1.771 A). HAD13a was synthesized by
attaching a hydrophobic alkyl chain (caprylic acid) to I3C to give HAD13a affinity toward
hydrophobic surfaces of membrane proteins [32]. HAD13a has detergent properties
(CMC: 4.6 mM) and was used to label membrane proteins with heavy atoms by simply
mixing it with microcrystals of bacteriorhodopsin crystallized by the bicelle method or
G protein-coupled A2a adenosine receptor (A2A GPCR) obtained by the LCP method
(Figure 7). The HAD13a-labeled bacteriorhodopsin was successfully phase-determined
by SAD, SIR, and SIRAS methods using iodine atoms. For phase determination by the
SAD method, 23,000 indexed diffraction images and a resolution of 2.1 A were required.
In contrast, in the SIRAS method with the addition of native crystal data, reflections
up to a resolution of 3.3 A were sufficient for phasing, and when the resolution was
extended, only 7000 (4000 derivative and 3000 native) indexed images were required to
determine the phase. This indicates that the SIRAS method is more powerful than the
SAD method for efficient de novo phasing in SFX. At a similar time as our study, Batyuk
et al. succeeded in determining A2A GPCR by the S-SAD method, which required 500,000
images and obtained a resolution of 2.5 A [74].

(0]
() )J\/\/\/\
Hooc (1) HE

Q NH,
Hooc (1 O) ot
5-amino-2,4,6- HAD13a _:sf, CMC:4.6 mM

triiodo-isophthalic microcrystals Iy
acid (|3C) ’ " ¥ Y ; 12

f' (1atom)=8.6eat 1.771 A

SOCl,, CH,Cl,, 70°C, 60%
(PCT/1P2017/007540)
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Figure 7. Serial femtosecond crystallography (SFX) of membrane proteins that have interacted with iododetergent, HAD13a.
Figure reproduced with modification from Ref. [32].
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3.3. Binding of the HAD16 Lipid to a Membrane Protein

HADI16 was synthesized by modifying the aromatic head group of HAD16H with
multiple heavy-atom halogen groups to furnish a hydrophobic alkyl tail (Scheme 4,
Supplementary Materials Section S6). The structural properties of HAD16 mimic a
phosphatidylcholine structure. HAD16 can be used as a tool for analyzing lipid-membrane
protein interactions. Microcrystals of bacteriorhodopsin obtained by the bicelle method
were mixed with HAD16 and then SFX data were collected at SACLA (Supplementary
Materials Section S7). We tried de novo phasing the HAD16 dataset. Although two
heavy atom sites were located by the SIR, SIRAS or SAD method, auto-tracing was not
possible even with all 18,069 lattices obtained. This is most likely because of the smaller
isomorphous and anomalous signal from HAD16, which contains only one I atom and
one Br atom per molecule instead of three I atoms in HAD13a, as well as only one HAD16
molecule in the asymmetric unit when compared with two HAD13a molecules.

| O O
\/,\\ P
// o) 6 O/\/\O
o OR

3-bromo-5-iodobenzoic acid lyso PC: R =H (HAD16H)

NMBA
4-pyrolidinopyridine
CH,Cl, 64%

HAD16: R = &_0O

Br |

Scheme 4. Synthetic reaction scheme for HAD16. HAD16 was readily produced via a single step
synthesis by the esterification. The easy preparation will expand its application range. Details of
this synthesis were described in Supplementary Materials.

The HAD16 molecule adopting alternative conformations binds to an interface region
among three symmetry-related bacteriorhodopsin molecules (Figure 8). The long alkyl
tail of HAD16 interacts with the hydrophobic transmembrane surface. The choline and
phosphate group face the bulk solvent. The aromatic ring in the head group ring is
stabilized by m—m stacking with Y26 (Figure 8B) and hydrophobic interactions of I/Br
atoms with L22, G23, V127, and L221 from a bacteriorhodopsin molecule and W80
from a neighboring molecule. Because a lipid or detergent molecule is located in the
corresponding site of the native bacteriorhodopsin structure, we concluded that HAD16
binds to the same site by partially replacing the lipid or detergent. Thus, we modeled
lipid / detergent-derived alkyl chains and HAD16 together using partial occupancies.
We also collected a dataset from microcrystals soaked with HAD16H lacking the alkyl
tail to study the importance of the tail region for bacteriorhodopsin binding (Scheme
4). The anomalous difference map did not show any significant peaks assignable to the
compound (data not shown). This establishes that the alkyl chain was indispensable for
HAD16 binding to bacteriorhodopsin.
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rotation

Figure 8. Structure of bacteriorhodopsin in complex with HAD16. (A) Final refined structure (gray ribbon model) after
structure determination by molecular replacement. Anomalous difference map (purple mesh; contoured at 4.0 ¢) is also
shown. (B) Close-up view of the HAD16 binding site in the final refined structure with 2mF,-DF. map (cyan mesh; 1.0 7).
The C, N, O, I, and Br atoms of HAD16 (stick models), which is assigned as alternative conformations, are colored yellow,
blue, red, purple, and brown, respectively. Alkyl chains derived from native lipid or DMPC/CHAPSO bicelles are depicted
as orange stick models.

4. Conclusions

Biomembranes are the last frontier in life science and the most challenging subject to
study. Biomembranes are composed of a lipid bilayer consisting of phospholipids, glycol-
ipids, sterols, and membrane proteins. We presented here artificial lipids and detergents
containing heavy atoms, which can be used as components of model biomembranes for
analyzing interactions with membrane proteins. In addition to the examples presented
above, there is also a study of a detergent labeled with Hg [75]. In combination with X-ray
crystallography, these artificial lipids and detergents can be used to determine novel struc-
tures of membrane proteins or to identify the orientation of lipid /detergent molecules by
visualizing the position of the heavy atoms using anomalous X-ray scattering. In particu-
lar, SEX can observe damage-free structures at physiological temperatures. Future appli-
cations of these lipids/detergents for elucidating structure—function relationships of mem-
brane proteins and biomembranes include: (i) labeling of various model lipids to distin-
guish between outer and inner leaflet regions that bind specifically to membrane proteins;
(ii) observation of peripheral lipids surrounding membrane proteins with weak affinity at
high resolution; and (iii) visualization of the dynamics of lipid localization on the surface
of membrane proteins by time-resolved SFX analysis [76].

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-037
5/11/11/823/sl.
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Abbreviations

A2A GPCR G protein-coupled A2a adenosine receptor

a-GalCer a-galactosylceramide

[-MeSe-Fuc selenomethyl derivative of fucose

BMeSe-GlcNAc  Selenomethyl-N-acetylglucosamine

CHAPSO 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxypropanesulfonate
CMC critical micelle concentration

DDM dodecyl-3-D-maltoside

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DPPC dipalmitoylphosphatidylcholine

ERATO Exploratory Research for Advanced Technology

13C 5-amino-2,4,6-triiodoisophthalic acid

JST Japan Science and Technology Agency

LCLS Linac Coherent Light Source

LCP lipidic cubic phase

MAD multi-wavelength anomalous diffraction

MEXT Ministry of Education, Culture, Sports, Science and Technology
MIR multiple heavy-atom isomorphous replacement

MIRAS multiple heavy-atom isomorphous replacement with anomalous scattering
PAL-XFEL Pohang Accelerator Laboratory X-ray Free Electron Laser

PDB Protein Data Bank

PRESTO Precursory Research for Embryonic Science and Technology
SACLA SPring-8 Angstrom Compact Free Electron Laser

SAD single-wavelength anomalous diffraction

SeDDM dodecyl-3-D-selenomaltoside

SEX serial femtosecond crystallography

SIR single heavy-atom isomorphous replacement

SIRAS single heavy-atom isomorphous replacement with anomalous scattering
SRX synchrotron radiation crystallography

SwissFEL Swiss X-ray Free Electron Laser

XFEL X-ray free-electron laser
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Abstract: Being a major metabolite for maintaining cellular homeostasis, as well as an important
structural component in lipid membrane, cholesterol also plays critical roles in the life cycles of
some viruses, including human immunodeficiency virus-1 (HIV-1). The involvement of cholesterol
in HIV-1 infectivity, assembly and budding has made it an important research target. Viral protein
R (Vpr) is an accessory protein of HIV-1, which is involved in many major events in the life cycle
of HIV-1. In addition to its multi-functional roles in the HIV-1 life cycle, it is shown to interact
with lipid membrane and form a cation-selective channel. In this work, we examined the effect of
cholesterol on the interaction of Vpr and lipid membrane. Using calcein release assay, we found that
the membrane permeability induced by the membrane binding of Vpr was significantly reduced in
the presence of cholesterol in membrane. In addition, using solid-state NMR (ssNMR) spectroscopy,
Vpr was shown to experience multiple chemical environments in lipid membrane, as indicated by
the broad line shape of carbonyl 13C resonance of Cys-76 residue ranging from 165-178 ppm, which
can be attributed to the existence of complex Vpr-membrane environments. We further showed that
the presence of cholesterol in membrane will alter the distribution of Vpr in the complex membrane
environments, which may explain the change of the Vpr induced membrane permeability in the
presence of cholesterol.

Keywords: HIV-1; Vpr; cholesterol; lipid composition; membrane; calcein release; REDOR; NMR

1. Introduction

Cholesterol is generally viewed as a structural component in cell membranes, which
plays an important role in membrane stability and fluidity. It is also an essential precursor
for the biosynthesis of several steroid hormones and bile acids [1]. Recently, the roles of
cholesterol in the life cycles of various viruses, in the aspects of viral infectivity, assembly,
and structural stability, have attracted significant attention [2]. High cholesterol content of
influenza virus particles was reported to be a critical factor in the viral fusion process [3].
Lipid rafts, containing high cholesterol levels, were shown to be essential in the assembly
of viral particles of parainfluenza virus type 3 [4]. For HIV-1, the viral particle contains
high levels of cholesterol [5,6] and the involvement of cholesterol in HIV-1 infectivity,
assembly, budding, etc., has been reported [7-13].

HIV-1 viral protein R (Vpr) is a functional accessory protein, which is involved in
many aspects of the viral life cycle, including the nuclear import of the pre-integration
complex [14-16], cell cycle arrest at G2 phase [17], cell apoptosis [18-20], transactivation
of the long-terminal repeat (LTR) genes [21], etc. [22-25]. In addition to its functional
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roles in HIV-1 viral cycle, the interactions between Vpr and lipid membrane also draw
significant attention. Vpr could form a cation-selective channel on lipid membrane [23].
The peptides derived from Vpr sequence were demonstrated to behave as cell-penetrating
peptides (CPPs), showing the potential applications such as DNA transfection and gene
delivery [26-28]. Previously, we reported a novel strategy for producing Vpr protein
in large quantity using an E. coli expression system and further demonstrated that Vpr
has a stronger binding affinity to DOPG lipids compared to DOPC lipids, suggesting a
lipid-composition dependent of Vpr-membrane interaction [29]. During the HIV-1 virus
particle assembly at the plasma membrane, lipid rafts containing high amount of choles-
terol are targeted by Gag proteins [9,10]. In addition, depletion of cellular cholesterol
significantly reduces HIV-1 particle production [30]. Once the viral particles are released
out from the lipid raft, a higher cholesterol content in the HIV-1 virus envelope may
benefit to its stability [31]. Moreover, significant amount of Vpr proteins are packaged
into the virus particle by Vpr/Gag ratio to be around 1:7 [32], which contribute to the early
infection of the virus. Its association with the p6 protein is essential for the translocation
from the nuclear membrane to the plasma membrane as well as packaging into the virus
particle [33,34]. Thus, it is reasonable to investigate if cholesterol, being an important
structural component in the plasma membrane, may play a role in the interaction of
Vpr and membrane. We first used calcein release assay to probe the effect of cholesterol
on Vpr induced membrane permeability and showed that the Vpr induced membrane
permeability was reduced as the content of cholesterol in membrane was increased. This
result is similar to what were observed from the studies of a pore-forming peptide [35]
and CPPs [36]. The analysis using circular dichroism (CD) spectroscopy showed that
no significant change of the secondary structure of Vpr was observed with the addition
of cholesterol in Vpr proteoliposomes. NMR spectroscopy is a straightforward tool for
acquiring residue specific information of the binding event. In addition, the chemical
shift of a NMR resonance signal is a result of local electron shielding, and thus, it reflects
the local chemical environment. Solution NMR was used here to examine if Vpr protein
has specific interaction with cholesterol. As a result, we did not observe specific binding
of cholesterol to Vpr in DPC micelles. Even though cholesterol does not bind to Vpr
specifically, nor affect the secondary structure directly, cholesterol may still modulate the
Vpr-membrane interaction by changing the protein-lipid complex arrangement. REDOR
NMR is a powerful solid-state NMR method for providing the distance information
between two hetero nuclei. Through our ssNMR study of [1-13C, 99%] Cysteine selective
labeled Vpr embedded in liposome, we showed the existence of complex Vpr-membrane
environments and the distribution of Vpr among these environments was altered with
the presence of cholesterol in membrane. We believe that more insights into cholesterol
modulating Vpr-membrane interaction can be revealed by other methods, such as compu-
tational simulations. In summary, we show that cholesterol, without interacting with Vpr
directly, can affect the Vpr-membrane interaction.

2. Materials and Methods
2.1. Materials

1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
['°N, 99%] ammonium chloride, [U-13C, 99%] D-glucose, and [1,1/ 13¢5, 99%] L-Cystine
were purchased from Cambridge Isotope Laboratories (Andover, MA, USA). [2Hys, 98%]
dodecylphosphocholine (DPC) was purchased from Frankenstein Bio Reagents, (Cam-
bridge, MA, USA). Chloroform was purchased from Avantor, Radnor, PA, USA. 2,2,2-
Trifluoroethanol (TFE) was purchased from Alfa Aesar, Hersham, UK. 2,2,2-Trifluoroacetic
acids (TFA) was purchased from ACROS Organics, Morris Plains, NJ, USA. Deuterium ox-
ide (D,0), Triton X-100 (TX-100), calcein, cholesterol, 3-(trimethylsilyl)-1-propanesulfonic
acid sodium salt (DSS) were purchased from Sigma Aldrich, St. Louis, MO, USA. ISOGRO
was purchased from Silantes, Munich, DE or Sigma Aldrich, St. Louis, MO, USA.
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2.2. Vpr Protein Production and Purification

We followed the established protocol [29] to produce, purify and characterize HIV-1
Vpr protein. Briefly, an overnight culture of BL21(DE3) E. coli (RBC Bioscience, Birming-
ham, UK), transformed with His-tagged B1 domain of streptococcal protein g (GB1)-fused
Vpr construct, was prepared at 37 °C in LB medium, and then sub-cultured at 20 °Cin a
defined growth medium described in the supporting information of reference number 29.
To prepare [U-2H,'3C,'°N] labeled Vpr protein, 1 g of ['°N, 99%] ammonium chloride, 2 g
of [U-13C, 99%] D-glucose and 1 L of D,O (98%) per liter culture were used to replace the
natural abundance chemicals in the growth medium. This culture was also supplemented
with the 1 g of [U-13C, 15N] ISOGRO per liter after induction with 0.1 mM isopropyl B-D-
thiogalactoside (IPTG). To prepare [1-13C, 99%] Cysteine selective labeled Vpr protein,
a mixture of amino acids and nucleobases was used to replace the ammonium chloride
in the defined growth medium. The mixture of amino acids and nucleobases contains
125 mg of [1,1/ -13C,, 99%] L-Cystine, 200 mg of each of the rest of nineteen non-labeled
amino acids, and the five nucleobases, including 125 mg of adenine, 125 mg of guanine,
125 mg of thymine, 125 mg of cytosine, and 50 mg thymine per liter.

The culture was induced with 0.1 mM IPTG, while the ODg reached the range of
0.7-0.9, and the culture was continued to grow at 18 °C for 24 h to allow for the expression
of the soluble His-tagged GB1-fused Vpr protein. Pure Vpr protein precipitates can
be obtained following the established protocol [29]. The Vpr protein was examined
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectra (microflex
LRE, Bruker, MA, USA) to ensure the purity as shown in an example in Figure S1.

2.3. DPC Solubilized Vpr Sample for Sequence-Specific Resonance Assignments

The Vpr protein precipitates were obtained by treating [U->H,'*C,'°N] labeled His-
tagged GB1-fused Vpr with tobacco etch virus (TEV) protease to remove His-tagged
GBI tag. The [U-?H,'3C,!>N] labeled Vpr protein precipitates dissolved in a denaturing
buffer, consisting of 50 mM sodium phosphate at pH 6.5, 50 mM sodium chloride (NaCl),
0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 1 mM ethylenediaminetetraacetic acid
(EDTA), and 6 M guanidine hydrochloride (GdnHCI), to the concentration of 1 mg/mL.
The protein solution was then added in a dropwise manner at a flow rate of 50 uL/min
to a refolding buffer, consisting of 50 mM sodium phosphate at pH 6.5, 50 mM NaCl,
0.5 mM TCEP, 1 mM EDTA, and 9 mM of the tail deuterated [*Hys, 98%] DPC. The protein
solution was further dialyzed against a buffer containing 25 mM sodium phosphate at
pH 6.5, 25 mM NacCl, 1 mM dithiothreitol (DTT), and 1 mM EDTA at 4 °C using a 6-8
kDa molecular weight cut-off (MWCO) dialysis membrane (Orange Scientific, Braine-
I’Alleud, Belgium). The protein solution was concentrated and further purified by size
exclusion chromatography using a Superdex increase s200 (10/300) GL column (Cytiva,
Marlborough, MA, USA) equilibrated with a buffer containing 25 mM sodium phosphate
at pH 6.5, 25 mM NaCl, 1 mM TCEP, 1 mM EDTA, and 1.8 mM [?Hys, 98%] DPC. The
NMR samples were further concentrated with 5 kDa molecular weight cut-off (MWCO)
centricon (Vivaspin, Gottingen, Germany). The samples for the 3D triple resonance
experiments and for the cholesterol titration experiment were of the concentrations of 552
uM and 280 uM, respectively. D,O, containing DSS at the concentration of 20 mg/mL,
was included in each NMR sample to 6% (wt %).

2.4. Vpr Proteoliposomes Preparation

To produce Vpr incorporated in DOPG liposomes, DOPG lipid was dissolved in
chloroform (50 mg/mL) and dried on the side of a round bottom flask using a gentle
stream of nitrogen gas. To produce Vpr incorporated in DOPG containing 5%, 10%, and
30% of cholesterol liposomes, the lipid mixes were first solubilized in chloroform with
the molar ratio of DOPG lipid to cholesterol as 95 to 5, 90 to 10 and 70 to 30, respectively.
Vpr protein precipitates were dissolved in a TFE solution containing 0.1% TFA to the
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concentration of 1 mg/mlL, and then added to the dried lipid film containing flask. The
lipid and protein mixture were prepared with the molar ratio of lipid to Vpr as 50 to 1.
A gentle stream of nitrogen gas was used to remove the organic solvent, followed by
placing the flask under vacuum overnight. The protein-lipid film formed on the glass
wall was re-suspended in a buffer containing 5 mM sodium phosphate at pH 7.5, 5 mM
potassium sulfate, and 1 mM TCEP. The Vpr proteoliposomes were further homogenized
using an extruder with polycarbonate membrane with a defined pore size of 0.4 pm
in diameter. For secondary structure analyses using circular dichroism spectroscopy;,
the Vpr proteoliposomes were purified by size exclusion chromatography using an
ENrich 70 (10/300) column (Bio-Rad, Hercules, CA, USA) in a buffer containing 5 mM
sodium phosphate at pH 7.5, 5 mM potassium sulfate, and 1 mM TCEP. To prepare the
samples for the ssNMR experiment, [1-13C] cysteine selective labeled Vpr protein was
used in the proteoliposomes production, and a DOPG liposome without Vpr protein
incorporated was also prepared as a reference ssNMR sample. The size distribution of
Vpr proteoliposomes were characterized by dynamic light scattering to ensure the size
homogeneity (DelsaNano C particle size and zeta potential analyzer, Beckman Coulter,
Indianapolis, IN, USA), as indicated in Figure S2A-F.

2.5. Calcein Release Assay

We used calcein release assay to study the Vpr induced membrane permeabiliza-
tion of liposomes [29]. When the membrane-impermeable fluorescent probe calcein is
encapsulated in liposome, the fluorescence signal is low due to the self-quenching effect
of calcein at high concentration. The fluorescence signal will increase accompanied by
the release of calcein from liposomes. To examine the effect of cholesterol on the Vpr
induced membrane permeabilization, we prepared liposomes containing various amount
of cholesterol. The four different liposomes were prepared with the four different molar
ratios of cholesterol to lipid, including 20 to 80, 30 to 70, 40 to 60 and 50 to 50, while an
equal amount of DOPC lipid and DOPG lipid were used in each liposome preparation.
The liposomes were prepared in a buffer containing 25 mM Tris at pH 7.5, 25 mM NaCl,
1 mM TCEP, and 0.5 mM EDTA. The size homogeneity of calcein encapsulated liposomes
with increasing cholesterol content were confirmed using dynamic light scattering as
shown in Figure S2G-J.

Time-resolved fluorescence spectra were recorded using a luminescence spectrometer
(LS55, PerkinElmer, Waltham, MA, USA), to monitor the increase of the fluorescence
signal due to the release of calcein from liposomes. The fluorescence spectra at each
time point after the addition of His-tagged GB1-fused Vpr to the liposomes solution
were recorded from 505 to 535 nm with the excitation light at the wavelength of 495
nm. The interval between each scan was 30 s and the total monitoring time for each
experiment was 40 min. The positive control experiments were carried out by recording
the time-resolved fluorescence spectra for 40 min after mixing the liposomes solution
with a buffer containing 25 mM Tris at pH 7.5, 25 mM NaCl, 1 mM TCEP, 0.5 mM EDTA,
and 0.3% TX-100, where the negative control experiments were carried out by monitoring
the time-resolved fluorescence spectra of liposomes solution without the addition of
His-tagged GB1-fused Vpr or the buffer containing TX-100. Each experimental condition
was performed with three replicates.

The calcein release kinetics, quantified by the fluorescence intensity at 517 nm, were
quantified using Equation (1).

Lypr(t) — Tpufser(t)
Itx—100(t) — Ipugfer(t)

calcein release(t)% = x 100% (1)

where Iy, (t) is the fluorescence intensity at the time t after the addition of His-tagged
GB1-fused Vpr to the liposome solution, Iy, (t) the reference fluorescence intensity at the
time ¢, and ITx.100(f) the fluorescence intensity at the time ¢ after the addition of TX-100
containing buffer.
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2.6. Spectroscopic Characterizations

The CD spectra between 190-260 nm were recorded using Jasco CD spectrometer
(J-815, Tokyo, Japan) with a cuvette of 1 mM path length. For each CD spectrum, 8 scans
were accumulated and averaged, with the bandwidth of 2 nm, the scanning speed at
50 nm/min and the step resolution of 0.2 nm. The secondary structure content was
analyzed by DichroWeb using CDSSTR program and SP175 as reference data set, which
was optimized for the range of 190-240 nm. The lowest data point used in the analysis
was set to 190 nm, and the scaling factor was 0.95.

For sequence-specific resonance assignment, a set of standard NMR spectra, in-
cluding 2D ['H,">N] TROSY-HSQC and 3D TROSY-HNCA, 3D TROSY-HNCOCA, 3D
TROSY-HNCACSB spectra of [U-2H,13C,1>N] Vpr solubilized in [?Hys, 98%] DPC detergent
micelles were recorded at 37 °C using Bruker AVANCE III 850 MHz NMR spectrometer
(Bruker BioSpin, Billerica, MA, USA) equipped with a TCI (*H/!*3C/'°N) 5mm CryoProbe
with Z gradient. The assignment was performed with computer aided resonance assign-
ment (CARA) program [37]. A Vpr sample with the addition of cholesterol at the ratio
of cholesterol to Vpr as 1 to 2.6 was prepared and then a 2D ['H,'>N] TROSY-HSQC
spectrum was recorded to examine if cholesterol binds specifically to Vpr. To further
increase the amount of cholesterol in the sample, additional cholesterol was first dissolved
in ethanol to the concentration of 6 mg/mL due to the low solubility of cholesterol in DPC
buffer. Then, 10 uL of the cholesterol in ethanol was added to the Vpr sample reaching
the final ratio of cholesterol to Vpr as 2.4 to 1. An additional 2D ['H,>N] TROSY-HSQC
spectrum was recorded for the comparison with cholesterol-free spectrum.

To prepare the samples for ssNMR studies, proteoliposome pellets were first col-
lected by ultracentrifugation (Optima XE-90, Beckman Coulter, Indianapolis, IN, USA) at
200,000 g for 4 h. Each pellet was then transferred into a 3.2 mM rotor with the aid of a
homemade centrifuge adapter using ultracentrifugation at 200,000 g for 4 h.

All ssNMR experiments were carried out on a Bruker wide-bore 11.7-T Avance III
500 MHz spectrometer (Bruker BioSpin, Billerica, MA, USA) equipped with a 3.2 mM
triple-resonance magic angle spinning (MAS) probehead. The samples were cooled down
with a nitrogen gas stream under heat exchanging in a 25 L liquid nitrogen dewar and the
sample temperature was ca. 233 K. The sample spinning rate was 8 kHz. The 13C {3!P}
rotational-echo double-resonance (REDOR) sequence comprises cross polarization (CP) of
the 13C spin from proton, followed by a series of '3C 7t pulses applied at the end of each
rotor cycle for rotational echoes, and a series of 3'P 7t pulses at the middle of each rotor
cycle for dipolar dephasing. XY-8 phase cycling was applied to both m-pulse chains. The
tf field strengths for 13C and 3'P 7t pulse was 35 and 50 kHz, respectively. 'H continuous
wave (CW) and two-pulse phase -modulated (TPPM) decoupling schemes of 70 kHz
were applied during the 7-pulse chains and signal acquisition, respectively. The recycle
delay was 2 s and the CP contact time was 1.5 ms.

3. Results and Discussions
3.1. Secondary Structure Analysis

In our previous work [29], we showed that Vpr solubilized in DPC detergent micelles
exhibited a significant fraction of «-helix features. Here, we examined the secondary
structure content of Vpr incorporated into lipid bilayer environment. As mentioned in the
experimental section, Vpr proteoliposomes were produced by dissolving the protein-lipid
film with a buffer and then homogenized with an extruder. The protein concentration
in the liposome solution was determined using the extinction coefficient at 280 nm as
19,480 M~ 'em ™1, calculated using ExPasy server [38]. We found the incorporation yield
of Vpr in proteoliposomes made with DOPG lipid was in a range from 30% to 50%. No
significant difference in terms of the Vpr incorporation yield was observed in cholesterol
containing proteoliposomes. In contrast, the incorporation yield of Vpr in proteolipo-
somes made with DOPC alone was not detectable. This observation demonstrated the
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selective membrane incorporation of Vpr, which was consistent with our previous obser-
vation.

The CD spectrum of Vpr incorporated in DOPG proteoliposomes is shown in Figure
1 and the calculated secondary structure content analyzed by DichroWeb using the
CDSSTR program and SP175 as a reference set [39] was shown in Table 1. The secondary
structure of Vpr incorporated in the DOPG proteoliposomes was found to have similar
a-helical structure content as in DPC detergent micelle reported previously [29]. We
further included 5% and 10% cholesterol in the DOPG proteoliposomes and examine
the secondary structure of the incorporated Vpr. As shown in the CD spectra, Figure
2, we found that similar «-helical feature was still preserved. Therefore, the secondary
structure of Vpr in lipid bilayer environment do not change significantly in the presence
of cholesterol.
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Figure 1. The experimental (open circles) and fitted (dotted line) CD spectra of Vpr incorporated in
DOPG proteoliposomes.

Table 1. Calculated secondary structure fractions of Vpr incorporated in DOPG proteoliposomes.

Helix 1 Helix 2 Strand 1 Strand 2 Turns Unordered
0.31 0.20 0.03 0.04 0.11 0.32

The secondary structure content was analyzed by DichroWeb using the CDSSTR program and SP175 as a
reference set which was optimized for 190-240 nm.

3.2. Calcein Release Assay

In our previous work, we showed that membrane permeabilization caused by the
Vpr binding to membrane was lipid composition dependent. We observed that the calcein
release kinetics was increased when the ratio of DOPG in membrane was increased. In
the present work, we examined if the concentration of cholesterol in lipid bilayer mem-
brane affects Vpr induced membrane permeabilization. Calcein release assay in Figure 3
reveals that the calcein release kinetics was decreased as the cholesterol concentration in
membrane was increased, suggesting that the cholesterol may play a role to modulate
the Vpr-membrane interaction. Our result is similar to the previous studies, where the
presence of cholesterol in membrane was shown to reduce the membrane permeability
induced by a pore-forming peptide [35] and CPPs [36].
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Figure 2. The CD spectra of Vpr solubilized in DPC detergent micelles (red), in DOPG proteolipo-
somes (purple), and DOPG proteoliposomes in the presence of 5% (blue) and 10% cholesterol (light
blue). The ellipticity corresponds to the o-helical content of Vpr is similar in DPC and in DOPG
liposome. Vpr maintains similar «-helical structure content in different environments.
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Figure 3. Cholesterol concentration dependent permeabilization of liposomes induced by the mem-
brane binding of His-tagged GB1-fused Vpr. The molar ratio of cholesterol to lipids (DOPC:DOPG
= 1:1) in liposomes was increased from 20% to 50%. The reported values are the averages of the
triplicate experiments and the standard deviation of each data point is represented as the error bars.
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3.3. NMR Characterization

As indicated in calcein release assay, membrane permeability was induced by the
binding of Vpr to membrane. The fact that cholesterol plays a role in modulating mem-
brane permeability indicates cholesterol alter the interaction between Vpr and membrane.
Here, we attempted to employ solution NMR spectroscopy to examine if cholesterol
binds to Vpr specifically. We prepared [U->H,'3C,1°N] labeled Vpr protein solubilized in
[2H,s5, 98%] DPC detergent micelles for solution NMR characterizations. The 2D ['H,'>N]
TROSY-HSQC spectrum of Vpr in [*Hys, 98%] DPC micelles in Figure 4a shows that
Vpr exhibited significant fractions of «-helix content consistent with the result of CD
characterization. It is worth mentioning that the 2D ['H,5N] TROSY-HSQC spectrum
of Vpr stayed unchanged for several weeks, suggesting the sample was of very good
stability. The strip plot of TROSY-HNCA and TROSY-HNCACB spectra with the residues
assigned from W54 to A59 is shown in Figure 4b to demonstrate the feasibility of protein
backbone assignments. By using Talos+ [40], the secondary structure for the segment
from W54 to A59 could be predicted based on their chemical shifts. The predictions
obtained were well fitted as left-handed «-helical structures in the Ramachandran plot
(Figure S3), which is consistent with the structure solved in the protein data bank [41].
No significant chemical shift perturbation was observed when the sample was titrated
with cholesterol, as shown in Figure 4a, indicating no evidence of specific cholesterol
binding to Vpr solubilized in DPC detergent micelles. The saturation transfer difference
(STD) type of experiment [42,43] was not performed due to the overlapping signals of
cholesterol and DPC micelles and the low concentration of cholesterol in sample due to
the poor solubility of cholesterol.

(a) (b) W54 AS5 G56 V57 ES8 AS9

122.11 122.50 106.56 121.40 119.66 120.35—"°N [ppm]
No cholesterol 105 - F 5 £18
Vpr:chol=26:1 [
Vpr: chol=1:24¢ ® 2 e . et 127
- 136
Eo -~ | E
110 DR SO £45
'. — b ey o _ —bie (54
L e - - TS s
115 i r o N L E .
E: W
Z‘-ﬂ‘ E72 2
- 3 e}
= 40 5
o =
F120 ho] ‘45
3 [ -T— -
— - 50
e F ;- 5 .;‘é YO W——{ - - ) - - - - (55
g N > __.3; -’ fg0
&I
* T PPN WY 65
130 70
9.5 9.0 8.5 8.0 7.5 7.0 6.5 8.28 8.13 7.70 7.92 8.33 7.59
'H [ppm]

'H [ppm]

Figure 4. Solution NMR characterizations of [U-ZH,13C,15N]—Vpr in [2Hys, 98%] DPC micelles. (a) 2D TROSY-HSQC spectra
of [U-2H,'3C,1®N]-Vpr solubilized in [2Hys, 98%] DPC detergent micelles with and without the addition of cholesterol.
(b) The strips for residues 54-59 from a 3D TROSY-HNCACB (top) and 3D TROSY-HNCA experiments of [U-2H, 3C,15N]-
Vpr in [2Hys, 98%] DPC. Red and blue peaks arise from Cy and Cp nuclei, respectively. The blue and red dashed lines
indicate the sequential connection between the strips.
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To further examine Vpr in lipid environment, the samples of [1-13C] cysteine selective
labeled Vpr embedded in liposomes with and without cholesterol were prepared and
characterized using *C{3!'P} REDOR NMR spectroscopy. This strategy has been used
to study the insertion of HIV fusion peptides in membranes [44—46]. Here, we applied
REDOR NMR to probe the interaction of Vpr and membrane. A significant >C{3'P}
REDOR dephasing would be observed with 20 ms of the dephasing time if the distance
between a 13C and 3'P spin pair is less than 10 A. In other words, *C{*'P} REDOR NMR
allows us to observe the carbonyl groups of the Cys residue of Vpr that are in proximity
of the lipid phosphate groups (<10 A). The *C chemical shift of carbonyl carbons is
around 170 ppm using methylene carbon of adamantane at 38.48 ppm as the external
chemical shift reference [47]. It is important to mention that the 13C signal observed
around 170 ppm is mainly contributed from [1-'3C] cysteine selective labeled Vpr since no
significant contribution of the carbonyl carbons of lipids was observed as shown in Figure
S4. The 13C signal observed around 170 ppm reflect the chemical environments of the
cysteine residue, Cys-76, of Vpr since it is the only one cysteine residue in Vpr sequence
(Figure S5). We observed a sharp resonance peak at 181 ppm and a broad resonance peak
ranging from 165 to 178 ppm. Typically, the line width of a >C signal from a single-site
amino acid residue would be less than 5 ppm [44]. Since different chemical environments
will result in different 1*C chemical shift, the observed broad peak ranging from 165 to
178 ppm indicated the multiple chemical environments which the Vpr Cys-76 residue
experiences. Lipid membranes have been shown to play active roles in modulating the
functions of membrane associated proteins or membrane proteins [48-52]. Thus, the
membrane cannot be viewed as a passive supporting component for the membrane
protein due to the couplings between protein and membrane. Rather, we should consider
membrane and membrane associated protein as a complex. The broad signal around
170 ppm can be interpreted as the existence of complex Vpr-membrane environments,
which may be a result of the existence of multiple Vpr conformations in lipid membrane.
While studying the details of the multiple Vpr conformations is interesting, it is out of the
scope of the present work. The existence of complex protein-membrane environments has
also been observed previously in HIV fusion peptides [44]. As suggested by the REDOR
results in Figure 5a,b, some Vpr proteins were in close proximity of the lipid phosphate
groups, indicated by the ~40% REDOR dephasing of the broad peak, while some Vpr
proteins were not in close contact with the lipids since no dephasing observed for the
sharp peak. We further compared the two Sy spectra, as shown in Figure 5c. The ratio of
the broad peak with respect to the sharp peak increased with the presence of cholesterol in
membrane. In addition, the line shape of the broad peak was altered with the addition of
cholesterol in the membrane. These results indicated that the distribution of Vpr among
these environments was changed in response to the addition of cholesterol in membrane,
which may account for our observation of cholesterol modulating the Vpr-membrane
interaction as described in Section 3.2.
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Figure 5. The 13C{31P} REDOR NMR spectra of [1-13C] cysteine selective labeled Vpr embedded in
liposomes. (a) '*C{3'P} REDOR NMR spectra of [1-13C] cysteine selective labeled Vpr embedded
in DOPG liposomes. (b) 1*C{3'P} REDOR NMR spectra of [1-3C] cysteine selective labeled Vpr
embedded in liposomes (cholesterol: DOPG lipids = 30:70). (c) The comparison of the Sy spectra of
these two samples.

4. Conclusions

Based on the results of calcein release assay, the cholesterol concentration in mem-
brane affects the Vpr induced membrane permeability, suggesting a role of cholesterol
in the Vpr-membrane interaction. No obvious evidence of specific cholesterol binding
to Vpr was observed in DPC detergent micelles based on the result of the NMR titra-
tion experiments. Nonetheless, ssNMR spectroscopy was further used to show that the
presence of cholesterol in membrane would affect the distribution of Vpr in the various
membrane environments, which may partially account for cholesterol playing a role in
the Vpr-membrane interaction. We believe that lipid membrane is as an active component
regulating membrane protein functions, rather than just a passive component to support
membrane protein. Cholesterol, being an active player in the membrane, can affect the
function of membrane protein directly or indirectly.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2077-037
5/11/10/784/s1, Figure S1. Examples of the characterizations of Vpr proteins. Figure S2. Intensity
distribution of liposomes measured by dynamic light scattering. Figure S3 Ramachandran plot of
the assigned protein segments from A55 to E58 shows well defined left-handed «-helical structure
predicted by Talos*. Figure S4. The 13C CPMAS spectrum and BCIPJREDOR Sy spectrum of
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DOPG liposomes. Figure S5. The sequence of Vpr protein and its structure (PDB: 1M8L) with 3
a-helical segments (green) and Cys-76 (magenta) specified.
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Abstract: Integral membrane proteins (IMPs) fulfill important physiological functions by providing
cell-environment, cell-cell and virus-host communication; nutrients intake; export of toxic com-
pounds out of cells; and more. However, some IMPs have obliterated functions due to polypeptide
mutations, modifications in membrane properties and/or other environmental factors—resulting in
damaged binding to ligands and the adoption of non-physiological conformations that prevent the
protein from returning to its physiological state. Thus, elucidating IMPs” mechanisms of function
and malfunction at the molecular level is important for enhancing our understanding of cell and
organism physiology. This understanding also helps pharmaceutical developments for restoring
or inhibiting protein activity. To this end, in vitro studies provide invaluable information about
IMPs’ structure and the relation between structural dynamics and function. Typically, these studies
are conducted on transferred from native membranes to membrane-mimicking nano-platforms
(membrane mimetics) purified IMPs. Here, we review the most widely used membrane mimetics
in structural and functional studies of IMPs. These membrane mimetics are detergents, liposomes,
bicelles, nanodiscs/Lipodisqs, amphipols, and lipidic cubic phases. We also discuss the protocols
for IMPs reconstitution in membrane mimetics as well as the applicability of these membrane
mimetic-IMP complexes in studies via a variety of biochemical, biophysical, and structural biology
techniques.

Keywords: integral membrane proteins; lipid membrane mimetics; detergent micelles; bicelles;
nanodiscs; liposomes

1. Introduction

Integral membrane proteins (IMPs) (Figure 1) reside and function in the lipid bi-
layers of plasma or organelle membranes, and some IMPs are located in the envelope
of viruses. Thus, these proteins are encoded by organisms from all living kingdoms.
In almost all genomes, approximately a quarter of encoded proteins are IMPs [1,2] that
play critical roles in maintaining cell physiology as enzymes, transporters, receptors, and
more [3-5]. However, when modified via point mutations, deletion, or overexpression,
these proteins’ function becomes abnormal and often yields difficult- or impossible-to-cure
diseases [6,7]. Because of IMPs” important role in physiology and diseases, obtaining their
high-resolution three-dimensional (3D) structure in close to native lipid environments;
elucidating their conformational dynamics upon interaction with lipids, substrates, and
drugs; and ultimately understanding their functional mechanisms is highly important.
Such comprehensive knowledge will greatly improve our understanding of physiolog-
ical processes in cellular membranes, help us develop methodologies and methods to
overcome protein malfunction, and improve the likelihood of designing therapeutics for
protein inhibition. Notably, it is remarkable that almost 40% of all FDA-approved drugs
exploit IMPs as their molecular targets [8,9].
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Figure 1. Representative types of IMPs: The «-helical IMPs can have just one helix (A) or multiple helices (B) that traverse

the membrane; they can be multimeric as well (C). The (3-barrel membrane proteins typically have multiple membrane-
traversing strands (D) and can be either monomeric or oligomeric. The lipid membrane bilayer is shown in orange. The
structures of IMPs with PDB accession codes 5EH6 (A), 2KSF (B), 50R1 (C), and 4GPO (D) are shown in the figure. The
membrane orientation was not considered.

Undeniably, functional and structural studies of IMPs have greatly advanced in re-
cent decades by developing diverse in-cell and in-vitro functional assays [10-13]; advanc-
ing the X-ray crystallography applications for membrane proteins in detergents [14,15],
bicelles, nanodiscs, and lipidic cubic phases [15-20] to determine the structure at a typical
3 A or even higher resolution; improving data detection and processing for single-particle
cryo-electron microscopy (cryoEM) to increase the number of resolved IMPs’ structures at
ca. 3.5-3 A resolution [21-23]; the contribution from single-molecule FRET spectroscopy
(smFRET) toward understanding IMPs’ conformational dynamics in real time under
physiological environment conditions [24-26]; the growing number of highly sophisti-
cated studies using EPR spectroscopy via continuous wave (CW) and pulse methods to
uncover the short- and long-range conformational dynamics underlying IMPs” functional
mechanisms [27-33]; advancing NMR spectroscopy [34-36] and particularly solid-state
NMR applied to proteins in lipid-like environments [37-39]; conducting extensive studies
using site-directed mutagenesis to identify the roles of certain amino acid residues in the
IMPs’ function [40-42], molecular dynamics computational studies [43-45]; and more.
Despite this substantial progress, IMPs are still understudied and require further research.

The enormous diversity and complexity of IMPs challenges researchers because
they must uncover and characterize numerous diverse functional mechanisms. Any step
in the workflow, from gene to characterizing IMPs’ structure and function can present
challenges, such as poor solubilization efficiency from the host cell membrane, limited
long-term stability, low protein expression, and more [46—48]. Another serious issue is
identifying and developing appropriate membrane protein hosts, i.e., lipid membrane-
like mimetics, to which IMPs are transferred from the native membranes where they are
expressed, or from inclusion bodies in the case of eukaryotic or viral proteins produced
in E. coli [49]. This is needed for further purification and in vitro functional and struc-
tural studies [50-54]. In general, IMPs are difficult to solubilize away from their native
environment in the cell membrane due to their hydrophobic regions [55]. Also, removing
these proteins from their native cellular form sometimes results in evident functional and
structural implications [54]. Thus, selecting a suitable membrane mimetic for each par-
ticular protein is critical for obtaining samples of functional proteins for in vitro studies
on active or purposely inhibited protein states. Furthermore, the isolated and purified
IMPs often need to be obtained at concentrations and purity, which are satisfactory for
the biochemical and biophysical techniques used for these proteins’ characterization.

Due to the high importance of membrane mimetics for accommodating and maintain
IMPs’ native state, special attention must be paid to the current state and further prospec-
tive when developing these nano-sized membrane platforms. Therefore, we focus here on
reviewing the most widely used and emerging membrane mimetics, which are detergents,
multilamellar lipid emulsions, unilamellar liposomes, Lipodisqs®/nanodiscs, bicelles,
amphipols, and lipidic cubic phases (LCPs), in IMP purification and structure—function
studies. Additionally, we describe applications of these mimetics for particular IMPs and
discuss how selecting a membrane mimetic affects these proteins’ properties. Of course,
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due to rapidly increasing contributions in the field and space limitations, this review
cannot cover all the developments and applications of membrane mimetic systems and
their applications in membrane functional and structural molecular biology studies.

2. An Overview of the Most Widely Used Lipid Membrane Mimetics and Their
Applications in Functional and Structural Studies of Integral Membrane Proteins

The development of lipid membrane mimetics to make IMPs amenable for isolation,
purification, and in vitro characterization has a long history. Generally, a membrane
mimetic should reproduce the lipid bilayer properties, or at least recreate the hydrophobic
core environment of a lipid bilayer in its most fundamental form [54,56]. Although
detergents have been the most widely used substitute for the membrane environment,
in the recent decades a great deal of effort has been invested to expand the diversity of
membrane mimetics and to use more lipid bilayer-like structures, which together with
the incorporated proteins have high solubility and stability. These novel membrane
mimetics provide the following advantages for the incorporated IMPs: (i) convenience to
investigate them via research technologies that are impossible or difficult to execute in
the presence of detergents, (ii) improved stability, and (iii) provision of an environment
with a chemical composition and/or physical characteristics closer to the native lipid
membrane bilayer environment [57]. However, all of these membrane mimetics have pros
and cons, and not all are compatible with various protein research techniques.

Here, we further describe these membrane mimetics and discuss their applications
in studying IMPs.

2.1. Detergents and Detergent Micelles in Studies of Integral Membrane Proteins
2.1.1. General Properties of Detergents and Detergent Micelles

Detergents are the archetypal lipid membrane mimetics and have been extensively
utilized for the solubilization and characterization of IMPs. They are amphipathic
molecules and, above a certain so-called critical micelle concentration (CMC), self-aggregate
to form micelles in aqueous solutions (Figure 2A). Saponins and naturally occurring bile
salts were the first detergents used for biochemical studies [58,59]. Currently, ample
diverse detergents with variable biochemical and biophysical characteristics are available.
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Figure 2. IMPs in detergents: (A) In aqueous solution, above a certain concentration (CMC),
detergent molecules self-associate to form close to spherical aggregates (micelles) with hydrophilic
and hydrophobic portions facing the aqueous environment and the micelle interior, respectively.
(B) Detergents are used for the extraction of IMPs from the native membrane of expression host—
detergent at a high concentration, much above its CMC, is mixed with the native membranes
containing the IMP of interest; due to its hydrophobic properties the detergent mixes with the
membrane lipids and solubilizes the membrane; as a result, mixed IMP-lipid—detergent, IMP-
detergent or detergent-lipid complexes are formed; thereafter, the lipid molecules are removed
in the next purification steps unless specific lipids are tidily bound to the IMP. (C) The chemical
formulas of some of the most widely used in studies of IMPs detergents are shown: SDS is negatively
charged, CHAPS is zwitterionic, DDM is non-charged; and 14:0 Lyso PG is negatively charged.
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Detergents fit into three major classes (Figure 2C): ionic detergents have either pos-
itively or negatively charged headgroups and are strong denaturants or harsh mem-
brane mimetics owing to their effect on IMPs’ structure, e.g., sodium dodecyl sul-
fate (SDS) has negatively charged headgroups; zwitterionic detergents, e.g., the tradi-
tional 3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propane-sulfonate (CHAPS) or Lauryl-
dimethylamine-N-oxide (LDAOQO), have zero overall molecular charge, exhibit a less pro-
nounced denaturation effect compared to ionic detergents and a stronger solubilization
potential compared to non-ionic detergents, and are hence categorized as an intermedi-
ate between non-ionic and ionic detergents; and non-ionic detergents are comparatively
mild, have non-charged hydrophilic groups, tend to shield the inter- and intra-molecular
protein—protein interactions and maintain the structural integrity of solubilized proteins,
e.g., dodecyl-L-D-maltoside (DDM), lauryl-maltose neopentyl-glycol (LMNG), and octyl-
L-D-glucoside (OG) [54,60,61]. Phospholipid-like detergents are either charged, like 14:0
Lyso PG (1-myristoyl-2-hydroxy-sn-glycero-3-phospho-[1'-rac-glycerol]) and 16:0 Lyso PG
(1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-[1’-rac-glycerol]), or zwitterionic, like 14:0
Lyso PC (1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine) and Fos-Choline 12. These
have also been extensively used in studies of IMPs [62,63].

2.1.2. Detergent Applications in Integral Membrane Proteins Solubilization, Purification,
and Stabilization

Typically, the first step in transmembrane protein purification is extracting it from
the host membrane or inclusion body. The protein extraction from the host membrane
is carried out by adding an appropriate detergent at a high concentration (several times
above the CMC) to the homogenized proteo-lipid membrane, which solubilizes the mem-
brane (Figure 2B). Initially, destabilization and fragmentation of lipid bilayer occur due
to inserting the detergent molecules into the membrane. Subsequently, the lipid mem-
brane is dissolved, and then IMP-detergent, lipid-detergent, and lipid-IMP-detergent
mixed compositions are formed [64]. Various detergents exhibit different capacities for
solubilizing biological membranes. Similarly, the type of detergent used for solubiliza-
tion can affect the preservation of specifically bound lipid molecules in the IMP’s final
detergent-solubilized state [65]. Multiple detergents must be screened to identify those
that maintain the IMP’s structural integrity and functional activity, and suit downstream
applications [54]. For instance, detergents with a low CMC can effectively solubilize most
membranes but are less appropriate for methods requiring detergent removal because
they can be difficult to remove later [66]. Also, using a mild detergent that only binds
to the transmembrane region of a given IMP and can retain key lipid interactions is
essential for successful studies [67]. Once solubilized, the IMPs’ purification follows the
same principles as for purifying soluble proteins, utilizing chromatographic methods
like affinity, gel filtration, and/or ion-exchange chromatography. Alternatively, when
IMPs are deposited into inclusion bodies, such as eukaryotic proteins or prokaryotic
outer membrane proteins expressed in E. coli, their refolding into detergent micelles is an
efficient approach to obtain solubilized membrane proteins in a physiologically-relevant
state. Thus, due to their convenience and large variability, detergents are one of the most
extensively used membrane mimetics and are almost unavoidably utilized for extracting
and solubilizing IMPs from host membranes and for screening for optimal IMP stabil-
ity [68,69]. In many studies, detergents are also used as intermediate IMP hosts from
which the IMP is transferred into more lipid-like and lipid-bilayer-like mimetics, such as
nanodiscs, liposomes, and other for additional downstream investigations [54].

On the other hand, the hydrophobic tails of detergent molecules in the micelle, which
are shorter and more mobile compared to lipids” alkyl tails, make an inadequate mimic
of the lipid bilayer. Due to a mismatch in hydrophobic thicknesses, the isolated IMPs
and the detergent micelle can also influence each other’s shape, leading to the adoption
of non-physiological IMP conformations [70]. In addition, the hydrophobic packing in
proteo-micelles is weaker than those for IMPs in a lipid bilayer, allowing increased water
penetration into the detergent micelle and leading to IMPs’ structural instability [71].
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Despite these deficiencies, the detergents and detergent micelles are currently among the
most widely used membrane mimetics for in vitro studies of IMPs.

2.1.3. Applications of Detergents in Functional Studies of Integral Membrane Proteins

Although IMPs’ activity assays have been conducted mostly in lipid bilayers and pre-
dominantly on liposome-reconstituted IMPs, functional studies of detergent-solubilized
IMPs have also been carried out. Studies have investigated substrates’ binding affinities
to characterize a critical stage initiating the substrate translocation via membrane trans-
porters and channels. These studies monitored the binding of a radioactively labeled
substrate in the case of the prokaryotic Na/tyrosine transporter (Tyt1) [13], and isother-
mal titration calorimetry (ITC) studies elucidated the binding of ligands (ions and other
substrates) to transporter/channel or receptor IMPs [72-75]. The ATPase activity of ABC
transporters in detergents was also examined [76,77]. It was found in such studies that
a LmrA transporter in FC-16 detergent has higher ATPase activity and ligand binding
compared to LmrA solubilized in DDM [78].

2.1.4. Detergent Applications in Studies of Integral Membrane Proteins Using Biophysical
and Structural Biology Methods

Detergent-solubilized IMPs have been extensively studied by almost all available
biophysical and structural biology techniques to determine physiologically relevant or
disease-linked protein conformations and conformational transitions with and without
ligands, e.g., substrates or inhibitors, bound to the protein molecules. Currently, most
existing atomic-resolution X-ray crystal structures are of detergent-solubilized IMPs.
Importantly, IMPs’ proper folding and monodispersity are critical for a successful crys-
tallization. Several approaches have been utilized to assess the IMP homogeneity: size
exclusion chromatography (SEC) with light scattering and sedimentation equilibrium cen-
trifugation analyses [79], fluorescence-detection SEC [80], polypeptide thermal stability
using a thiol-specific fluorescent reporter to monitor cysteine residue accessibility upon de-
naturation [81], nanoDSF with light scattering [82], and thermal or chemical denaturation
using circular dichroism (CD) spectroscopy to monitor the stability of IMPs” secondary
structure [83,84]. Thus, multiple detergents must be screened, and those that maintain
protein homogeneity and integrity are considered for further use [82,85]. Still, other fac-
tors appear key to successful IMP crystallization. Given that not just the protein, but the
protein—detergent complex must crystallize [86], several analyses searched for a trend in
the conditions used for obtaining high-quality IMP crystals [87]. Regarding the detergent
used, statistics as of 2015 show that half of IMP crystal structures were obtained in alkyl
maltopyranosides, followed by the alkyl glucopyranosides (23%), amine oxides (7%), and
polyoxyethylene glycols (7%) [87]. The most successful alkyl maltopyranoside detergent
is n-dodecyl-B-D-maltopyranoside (DDM), followed by n-decyl-3-D-maltopyranoside
(DM) [87]. Thus, in addition to maintaining protein stability, detergents with shorter chain
provide a good environment for IMP crystallization because they form smaller micelles,
which facilitate tighter packing in the crystal lattice and higher-quality crystal diffrac-
tion [82,88-90]. The IMP structures from diverse families have been solved, and some of
these structures capture the same protein in distinct conformations. This information is
invaluable for elucidating functional and/or inhibition mechanisms. IMPs crystallized
in detergent include glutamate receptor GluA2 [91], neurotransmitter transporter ho-
mologue LeuT [92,93], betaine transporter BetP [94], and many more. The protein data
bank (PDB) provides detailed information about IMPs” deposited crystal structures in
detergents.

In the last decade, EM and single-particle cryoEM in particular have made historic
progress in studying detergent-solubilized IMPs by expanding this technique’s appli-
cations to diverse families of IMPs and by determining these proteins’ 3D structure at
high resolution down to ca. 3 A [21,95]. In contrast to X-ray crystallography, EM does
not require protein-crystal formation and has much more potential to deal with con-
formationally heterogeneous proteins and protein complexes. Nevertheless, successful
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IMP structure determination via EM requires high stability and proper folding of the
detergent-solubilized protein [95]. For this reason, detergents are screened similarly to
the crystallization of IMPs. In addition, EM sometimes experiences specific problems
with detergents suitable for crystallization, including the detergents DDM or LMNG. It
can be difficult to distinguish the protein particle from a detergent via a negative EM
stain, as found in the study of citrate transporter CitS in DDM and DM [96]. To reduce
the background and facilitate visualizing protein particles, free detergent micelles can
be removed prior to the EM experiments [97]. In contrast, other studies found that de-
tergents with low CMC, such as DDM and maltose-neopentyl glycols (MNGs), provide
a better platform for a single-particle cryoEM of IMPs [98]. Another detergent used in
cryoEM structure determination is digitonin (an amphipathic steroidal saponin) [99]. Flu-
orinated Fos-Choline-8 detergent was also used to stabilize and determine the structure
of a homo-oligomeric serotonin receptor in its apo, serotonin-bound, and drug-bound
states [100-102].

Solution NMR spectroscopy has also benefited from detergent-solubilization in
studying the high-resolution structure of full-length (FL) IMPs or truncated IMP constructs
and in monitoring the conformational transitions in IMPs” monomers and complexes [103].
Specifically for NMR, despite the significant technical and methodological advancements
in recent decades, this method is still limited by the protein’s size; in the case of IMPs,
this includes the size of a membrane mimetic-protein complex. Thus, the slow tumbling
of large-protein objects in a solution significantly shortens the traverse relaxation times
resulting in NMR line broadening, and ultimately causes a loss of NMR sensitivity [103].
The large size of protein molecules also produces overcrowded NMR spectra, which are
difficult to interpret. Therefore, the current size limit for proteins and protein complexes
studied by NMR in solution does not exceed 70 kDa even when advantageous pulse
sequences are applied [103-105]. Given this, solution NMR studies on IMPs require
detergent micelles to be as compact (small) as possible but still adequately mimic the
membrane environment [103]. Care must be taken to achieve high monodispersity of the
studied IMP. The length of IMP transmembrane segments should also generally match
the micelle hydrophobic core to avoid inconsistent NMR data [106]. Historically, “harsh”
detergents like dodecylphosphocholine (DPC) and lauryldimethylamine-N-oxide (LDAO)
that form small micelles (20-25 kDa) and maintain IMPs functional states have been used
to study the human VDAC-1 [107], the human voltage-dependent anion channel [108],
the outer membrane protein G [109], and more. Mild detergents, like DM and DDM
have been used in NMR solution studies of bacteriorhodopsin [110], G-protein-coupled
receptors (GPCRs) [111,112], voltage-dependent K* channels [113], and more. IMPs
solubilized in micelles of anionic lysolipids (e.g., 14:0 PG and 1-palmitoyl-sn-glycero-
3-phospoglycerol [16:0 PG]) and short-chain lipids (e.g., 1,2-dihexanoyl-sn-glycero-3-
phosphocholine [DHPC]) have been studied by NMR in solution [114-117].

EPR spectroscopy, continuous wave (CW), and pulse, in combination with spin
labeling [27,30,31,118-123], have provided invaluable information about the conforma-
tional dynamics and function/inhibition of IMPs. These studies were conducted exclu-
sively or partly on detergent-solubilized IMPs. Large structural rearrangements in DDM-
solubilized membrane transporters, which report on protein dynamics along the transport
cycle or the assembly into functional units, were uniquely captured by pulse EPR distance
measurements [28,32,124-131]. Viral, bacterial, and eukaryotic channels [29,132,133], re-
ceptors [134,135], and more were also studied in detergent micelles (DDM, DM, lauryl
maltose neopentyl glycol [MNG], etc.) via CW and pulse EPR spectroscopy. Importantly,
EPR spectroscopy experiments have no specific requirements for the detergent used
insofar as the detergent supports protein stability. Also, there is no restriction on IMP’s
size, given that the protein can be successfully spin-labeled. Moreover, EPR spectroscopy
can investigate IMPs within a broad range of concentrations (e.g., ca. <5 uM to >100 uM),
allowing researchers to capture multimeric IMP intermediates in detergent micelles [29].
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Another informative technique in studies of detergent-residing IMPs is fluorescence
spectroscopy /microscopy, exemplified by Forster resonance energy transfer (FRET) spec-
troscopy and particularly by the single-molecule FRET (smFRET) version [136]. It captures
conformational motions within one protein molecule/complex in real time, although mea-
surements on many molecules/complexes are needed to average the effect of modulating
protein conformation by, for example, ligand binding. smFRET has been used in multiple
studies on detergent-residing IMPs to monitor their conformational responses to ligands,
changes in pH, or other stimuli [137-139].

2.2. Bicelles in Studies of Integral Membrane Proteins
2.2.1. General Properties of Bicelles

Introduced by Prestegard and colleagues in 1988, bicelles (binary/bi-layered mixed
micelles) are recognized as the first lipid membrane mimetic system capable of incor-
porating a substantial amount of lipids to create a bilayer-like environment for mem-
brane proteins [140]. Bicelles are disc-shaped nanoaggregates comprising bilayer-forming
long-chain phospholipids mixed with either detergent molecules or short-chain phospho-
lipids in an aqueous environment [69,140] (Figure 3A). They are an attractive membrane
mimetic for studying the structure and structural dynamics of membrane proteins. For
example, isotropic bicelles can be formed in aqueous solutions by mixing the long-
chain lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with the detergent
3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate (CHAPS). They can also
be formed by mixing the long-chain lipids 1,2-dimyristoil-sn-Glycero-3-[Phospho-rac-
(1-glycerol)] (DMPG) and DMPC with the short-chain lipid DHPC [141,142]. Bicellar
nanostructures comprising various lipids with incorporated cholesterol, ceramides, cardi-
olipin, and more have also been developed [143-145].
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Figure 3. IMPs in bicelles. (A) Bicelle-residing IMP containing multiple transmembrane helices
is shown; the bicelle is composed of a patch of bilayer-forming lipids (e.g., DMPC) stabilized by
short-chain lipid or detergent (e.g., CHAPS). The size of bicelles depends on the molar ratio between
long- and short-chain lipids used in their preparation (Equation (1)). In addition, bicelle size is
affected also upon dilution of the bicellar solution. (B) Two major protocols for incorporation of
IMPs into bicelles are outlined: detergent/detergent micelles are mixed with proteoliposomes (left)
or IMP in detergent micelles are mixed with lipids and bicelle-forming detergent (right). The figure
shows simplified procedures.

Generally, geometric arguments can help to estimate the bicelle’s size using the
molar ratio between long- and short-chain lipids (or detergent); this so-called g value
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(Equation (1)) to calculate the radius of the bicelle’s bilayer region (R) directly, in addition
to the bicelle’s topology and size [146-148].

B total molarirty of long — chain lipid
~ total molarity of detergent (short — chain lipid) — CMC of detergent (short — chain lipid)

g M

In addition, dynamic light scattering and NMR can also be used to experimen-
tally determine bicelles” size and morphology in an aqueous buffer at a constant total
lipid / detergent concentration [149,150].

Bicelles with a higher g value are formed from low concentrations of short-chain
lipids/detergents in relation to the concentration of long-chain lipids, and they are
typically larger than the low g-value bicelles. Bicelles with smaller g values (g < 0.6) are
more “detergent-rich” and “lipid-poor”, so the phospholipid environment they provide
can perturb the bicelle-incorporated IMP [146]. However, it is difficult to precisely
estimate bicelle size. For example, bicelles made of DMPC/DHPC had an estimated
average size of 20 nm at g = 2 [143], and those made of DMPC/DMPG/DHPC at g =
2.6 had an estimated average size of 10 nm [149]. This discrepancy can be explained by
the limitations of different methods used to determine bicelles” size. IMPs have been
reconstituted and studied in both large and small bicelles [146,147].

Due to bicelles’ small size, their suspensions are effectively homogeneous and translu-
cent even after incorporating membrane proteins [151,152]. One major advantage of this
membrane mimetic system is its resemblance to a small fragment of lipid bilayer. In
addition, embedding IMPs in a native-like environment and a simple variation in the
g value can help in the system’s size scalability [153]. Furthermore, native bicelles made of
lysed eukaryotic-cell lipids mixed with DHPC were also prepared to provide diverse lipid
types for specific interactions with proteins [154]. Thus, bicelles outperform detergents
in maintaining membrane proteins’ functional state. In addition, paramagnetic ions can
be added to the lipid mixtures, so the resulting bicelles can align in an external magnetic
field, aiding magnetic resonance studies on IMPs [155,156].

Notably, the presence of detergent-like short-chain lipids and a bilayer size is in-
sufficient to provide membrane-like lateral pressure and may perturb the structure and
dynamics of bicelle-residing IMPs [54,69,157]. Another disadvantage of conventional
bicelles is that their size and geometry depend on the total lipid concentration in the
solution; therefore, any dilution changes the system properties. At high dilutions, bicelle-
to-vesicle transitions can occur [143], so care must be taken to maintain constant lipid
concertation throughout the experiment. Attempts were made to overcome this deficiency
via kinetically stable bicelles, such as those comprising a mixture of the phospholipid
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) and a sodium cholate-derived
surfactant (SC-C5) at room temperature. These bicelles’ stability results from the high
melting temperature of DPPC (41 °C) and a very low SC-C5 CMC (<0.5 mM) [158].

2.2.2. Applications of Bicelles in Solubilizing and Stabilizing Integral Membrane Proteins

Typically, IMPs expressed in host membranes are first extracted and solubilized
in detergents and then reconstituted in bicelles. Two basic protocols exist for reconsti-
tuting an IMP into bicelles: formulating the bicelles via the addition of detergent to
proteoliposomes or integrating a detergent-stabilized IMP into bicelles [159,160] (Figure
3B). In addition, some studies on synthesized and usually truncated IMPs or on other
membrane-associated protein constructs have used bicelles for direct solubilization. These
hydrophobic proteins and protein constructs are first dissolved in an organic co-solvent,
such as chloroform or TFE, and then mixed with the lipids before being lyophilized and
dissolved in an appropriate buffer to form bicelles [161].

2.2.3. Applications of Bicelles in Studies on Integral Membrane Proteins Using
Biophysical and Structural Biology Methods

Small isotropic bicelles have been a highly preferred membrane mimetic platform
in studies of IMP structure and dynamics by solution NMR spectroscopy, since they
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provide both a close-to-native lipid environment and fast enough tumbling to average
out anisotropic effects, yielding good quality NMR spectra [146,160,162]. Still, IMP
size is a serious limitation for solution NMR; and the need to produce isotopically la-
beled IMPs, given that their expression levels are typically small, introduces additional
difficulty [36,151]. Nevertheless, the structures of several bicelle-reconstituted relatively
large IMPs, such as sensory rhodopsin II [163], EmrE dimer [164], and the transmembrane
domain of the receptor tyrosine kinase ephA1l [165], have been solved using solution
NMR. Large bicelles have been the choice of solid-state NMR studies because they provide
a greater bilayer surface and structural stabilization of the embedded IMPs. Beside the
fact that large IMPs can be incorporated, the orientation of large bicelles in the exter-
nal magnetic field can be controlled. Such bicelles can also be spun at the magic angle,
enhancing spectral resolution for the embedded IMPs [151,166,167].

X-ray crystallography has also utilized bicelles to determine the high-resolution
structure of IMPs in their native lipid environment, particularly in cases when detergents
could not stabilize the IMP structure for crystallization [168]. Bicelle-IMP complexes can
be handled similarly to detergent-IMPs and are compatible even with high-throughput
robot-aided crystallization [169]. Thus, after the first successful crystallization of bicelle-
residing bacteriorhodopsin [170], the crystal structures of several other IMPs, such as
[32-adrenergic G-protein coupled receptor-FAB complex [171], rhomboid protease [172],
and VDAC-1 [173] were solved.

Studies using EPR spectroscopy, pulse, and CW with spin labeling have also used
bicelles as a lipid mimetic to study the conformational dynamics of IMPs. Magnetically
aligned bicelles were used to probe the topology and orientation of the second transmem-
brane domain (M29) of the acetylcholine receptor using spin labeling and CW EPR [174].
Further, the immersion depth of the spin-labeled M25 peptide at different positions in
bicelles was determined. Here, CW EPR was used to monitor the decrease in nitroxide
spin label spectrum intensity due to nitroxide radical reduction upon the addition of
ascorbic acid [175]. Pulse EPR distance measurements on spin-labeled McjD membrane
transporter in bicelles revealed functionally relevant conformational transitions [176].

2.3. Nanodiscs in Studies of Integral Membrane Proteins
2.3.1. General Properties of Nanodiscs

Sligar and colleagues were first to illustrate nanodisc technology in 1998 in a study
focused on liver microsomal NADPH-cytochrome reductase enzyme, the CYP450 re-
ductase [177,178]. The first nanodiscs were proteolipid systems made of lipid bilayer
fragments surrounded by high-density lipoprotein (HDL). Thereafter, the diversity of
nanodiscs expanded to include lipid nanostructures held intact by a belt of lipoprotein
(membrane scaffold protein, MSP) [179,180], saposin [181], peptide [182], or copoly-
mer [183]. All these membrane mimetics are self-assembled, nano-sized, and generally
disc-shaped lipid bilayer structures (Figure 4). A major advantage of the nanodisc technol-
ogy is the absence of detergent molecules and the ability to maintain integrity and shape
upon dilution. This overcomes the shortcomings of lipid bicelles and provides a more
native-like membrane environment compared to detergents [184,185]. Other advantages
of nanodiscs are good accessibility of soluble domains in IMPs, sample homogeneity, and
isolation of defined IMP oligomeric states by controlling the size of the nanodisc [186].

Currently, nanodisc systems are classified based mostly on the belt used. The most
common type is MSP nanodiscs made by using the repeat domain of apolipoprotein
Al (ApoAl), the main component of DHL, which is referred to as membrane scaffold
protein (MSP) [177] (Figure 4A). The formation of these nanodiscs requires two copies
of the amphipathic «-helical MSP, which wraps up and stabilizes a small disc of lipid
bilayer [151,177]. Both copies of MSP are arranged antiparallel to each other [187]. The
size of nanodiscs can be controlled by using one or more MSP repeat regions, which
are produced by protein engineering. For example, MSP1 consists of one repeat of 10
helices and MSP2 consists of two equivalent repeats each consisting of 10 helices [188,189].
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Further modification in just one repeat, e.g., adding identical helices produced longer
than the MSP1 constructs MSP1E1, MSP1E2, and MSP1E3, or deletions in MSP1 produced
shorter constructs denoted MSLP1D1 and MSP1D2 [189]. Thus, any variation in the
number of these amphipathic helical repeats results in different nanodisc diameters/sizes.
For an empty nanodisc (one with no IMP incorporated), the type of phospholipid and
the MSP construct establish the number of phospholipids in each particle, typically ~20
to 400 [184,188,189]. Sligar and colleagues [188,190] suggested the following correlation
between the number of lipid molecules in the nanodiscs (N;) and amino acids in the

scaffold protein (M):
N;-S = (0.423-M — 9.75)? @)
where S represents the mean surface area per lipid used to form the nanodisc, measured
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containing a segment of lipid bilayer with incorporated IMP surrounded by a belt of different nature that stabilizes the
nanoparticle. Depending on the belt used, nanodisc can be IMP-MSP nanodisc, IMP-SMALP/Lipodisq®, IMP-Saposin
nanoparticles, and IMP-peptidiscs with and without lipids incorporated. The size of nanodiscs can be controlled by

changing the belt length to accommodate just one monomeric IMP or IMP oligomeric complex. (B) Typically, the detergent

solubilized IMPs are transferred in nanodiscs by mixing IMP in detergent, MSP, detergent-solubilized lipids or mixed

detergent-lipid micelles, incubated and the detergents are removed, in most of the cases by using BioBeads. As a result,

IMP-nanodisc complexes and empty nanodiscs are formed. The empty nanodiscs can be removed further. (C) The IMP-

SMALP/Lipodisq® complexes can be formed by mixing CMA copolymer with liposome- or native membrane-residing

IMPs. This is an advantage of using CMA copolymers, since they do not require the detergent-solubilization of lipid bilayer

prior to IMP reconstitution, and can extract IMPs from the native membranes of expression host.

The prototypical MSP1 construct forms nanodiscs with diameters of about 10 nm
and has an overall molecular mass of approximately 150 kDa [188], but the modified
MSP1 and MSP2 constructs can form smaller or larger nanodiscs with diameters ranging
from about 8.4 nm to 17 nm [184,189]. Recently, nanodiscs with covalently linked N and
C termini of newly engineered variants based on ApoAl were developed, and termed
covalently circularized nanodiscs (cNDs) [191].

Copolymer nanodiscs were introduced by Knowles and colleagues [192], who purified
an IMP in polymer nanodiscs, i.e., Styrene-maleic acid-lipid particles (SMALPs). These
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nanodiscs were termed Lipodisq® and are discoidal structures comprising of a segment
of lipid bilayer surrounded by a polymer belt [193]. This belt is made of a styrene-maleic
acid (SMA) copolymer formed by the hydrolysis of styrene-maleic anhydride (SMAnh)
precursor and composed of 1:2 or 1:3 ratios of maleic acid to styrene [192]. The main
distinction between MSPs and Lipodisqs is that SMA copolymer can directly cut out
patches from the lipid bilayer without the use of detergents [192]. The principle of
SMA-bound particles is centered on the interaction of the hydrophobic edge of a planar
bilayer membrane with the styrene phenyl rings of the SMA polymer. This interaction
stabilizes the disc-shaped SMALPs [69]. Monodisperse lipid discs with 140 lipid molecules
and 10-11-nm diameter are formed with the help of SMA for the isolation of target
membrane protein [194]. Lipodisgs with different incorporated lipids, e.g., palmitoyl-
oleoyl-phosphocholine (POPC) [195] or DMPC [196], have been prepared and used. A
major consideration when working with Lipodisgs is their pH-dependent stability, as
they precipitate at pH values below 6.5 due to maleic acid moiety protonation, which is a
disadvantage when studying IMPs at lower pHs. SMA polymer chelates divalent cations
(e.g., Mg?" and Ca®*) that are used for signaling assays, leading to Lipodisqs’ insolubility.
To overcome these deficiencies, chemical modifications of maleimide carboxylates of
SMA polymers with positively charged quaternary ammonium compounds (SMA-QA)
or ethanolamine have been employed [197,198]. Another copolymer called DIBMA (di-
isobutylene/maleic acid) was also developed—it is less harsh than SMA, stable in the
presence of divalent cations owing to the absence of aromatic moiety, and does not
interfere with far-UV optical spectroscopy [199].

Synthetic peptide-based nanodiscs (also termed “peptidiscs”) are formed by short am-
phipathic peptides aligned in an antiparallel fashion around the hydrophobic rim of a
phospholipid membrane [182,200,201]. Bi-helical peptides displace detergent molecules
by wrapping around the hydrophobic parts of detergent-purified membrane proteins [148,
182]. Another example is a peptide derived from the ApoAl, which consists of 18 amino
acids that form a single alpha helix of almost the same length as that of the apolipoprotein
A1l helix [200,202,203]. Among the major benefits of peptidiscs is that their size can be
adjusted by a simple variation in the peptide-to-lipid ratio. Also, peptide nanodiscs encap-
sulate IMPs irrespective of initial lipid content, so there is no need to consume exogenous
lipids to match the diameter of the scaffold membrane as in the case of MSP nanodiscs.
Furthermore, peptide stoichiometry is self-determined because the size and shape of
the integrated IMP guide the binding of the peptide skeleton [69,204,205]. However, the
comparatively high cost of custom peptide synthesis and its low stability due to their
noncovalent assembly compared to the stability of other types of nanodisc systems are
among the cons of the peptide nanodisc system [69,206].

Saposin nanoparticles are protein-stabilized lipid structures utilizing Saposin lipopro-
tein variants [207]. Salipro®, a Saposin A (SapA) disc, is the most suitable approach for
IMP studies, since it can tolerate a wide range of lipid-to-Saposin ratios [208]. Salipro
nanodiscs are composed of two or more SapA proteins that are joined together and assem-
bled in V shapes around a small lipid disc, which makes them relatively flexible/tunable
to accommodate different sizes of IMPs [181,209].

2.3.2. Applications of Nanodiscs in Integral Membrane Protein Solubilization
and Stabilization

Typically, detergent-solubilized IMPs are reconstituted into nanodiscs of different
types, starting either from a whole solubilized membrane or after purification. Currently,
the most widely used procedure is to transfer the purified detergent-solubilized IMP
into nanodiscs—This is done by mixing the IMP, lipid and scaffold protein or polymer;
thereafter, the detergent is removed using BioBeads and the nanodiscs with or without
incorporated IMP are formed [190] (Figure 4B). Optimization to determine the optimum
scaffold protein, polymer, or peptide, as well as lipid concentration to accommodate each
particular IMP in its native oligomeric state, must be performed [186,210]. Procedures for
the direct transfer of IMPs from the membrane into nanodiscs with minimal involvement
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of detergent have been utilized [211]. Lipodisqgs have also been used to purify IMPs
in native host membranes without any detergent, preserving the IMPs’ native state
intolerance to detergents and preferences for particular lipids or lipid bilayers [53,212,213].
Furthermore, some advantageous technologies for cell-free expression of IMPs utilize
direct incorporation and folding of the synthesized proteins into nanodiscs, which also
benefits from the opportunity to tune the nanodiscs’ lipid composition [214-216].

2.3.3. Applications of Nanodiscs in Functional Studies of Integral Membrane Proteins

As discussed above, one significant advantage of nanodiscs is that the soluble do-
mains of IMPs reconstituted in them are well accessible. Therefore, binding of ligands,
e.g., substrates, inhibitors, etc., and protein partners—all relevant to the IMP function—
can easily be studied in a native-like environment. Thus, fluorescence correlation spec-
troscopy was used to assay fluorescently labeled IMPs’ binding interactions via an autocor-
relation function, which depends on the diffusion coefficients of the bound vs. unbound
species [217,218]. Scintillation proximity assay was used to assess radio-ligand binding to
membrane transporters residing in nanodiscs, overcoming the protein activity reduction
caused by detergents [219]. An assay measuring ATP hydrolysis by MsbA transporter
in nanodiscs demonstrated the importance of MsbA-lipid interactions by varying the
nanodisc lipid composition [220]. It was also found that nanodiscs facilitate the iden-
tification of monoclonal antibodies targeting multi-pass IMPs, which is important for
antibody-based pharmaceutical developments [221].

2.3.4. Applications of Nanodiscs in Studies of Integral Membrane Proteins Using
Biophysical and Structural Biology Methods

Since their initial development, nanodiscs have been widely used in studies of
IMPs’ structure and conformational dynamics due to their suitability to a variety of
techniques and methods. As yet, crystallization of IMPs in nanodiscs for X-ray structure
determination has proven a difficult task. However, crystallization of IMPs can be
assisted by transferring them from nanodiscs/Lipodisgs to lipidic cubic phases (LCPs);
high quality crystals of bacteriorhodopsin and rhodopsin crystals were obtained and the
structures of these proteins solved at and below 2 A resolution [17,221].

On the other hand, EM has greatly benefited from nanodiscs, and the first EM
studies were on negatively stained nanodisc-IMPs, such as the dimeric bc; complex
and reaction centers from antenna-free membranes [222,223]. However, the structural
resolution achieved was insufficient. Further technical developments in single-particle
cryoEM have since made it possible to determine the high-resolution structure of IMPs
in native lipid environments, capturing multiple functional protein conformations and
oligomeric states [224,225]. Still, only proteins with sufficient molecular weight, typically
about or above 150 kDa, can be visualized by the available advanced EM approaches
and data processing. Thus, the structure of the ca. 320 kDa trimeric bacterial multidrug
efflux transporter AcrB was resolved at a resolution of 3.2 A in Lipodisqs, uncovering
a well-organized lipid-bilayer structure associated with the protein transmembrane do-
main [226]. Also, the structure of nanodisc-embedded full-length glycine receptor at 3 to
3.5 A resolution was resolved in the ligand-free, glycine-bound, and allosteric modulator-
bound states, providing a comprehensive map of the functionally relevant conformational
isomerizations [227]. CryoEM on SthK, a prokaryotic cyclic nucleotide-gated channel,
also yielded high-resolution structures of channel apo, cAMP-bound, and cGMP-bound
states in nanodiscs [228]. Remarkably, the structures of small IMPs were also resolved
by EM in nanodiscs [229]. However, in these studies engineering of fusion protein or
antibody/antigen-binding fragment (Fab) was utilized to increase the protein size and
stability and succeed in the structure determination. For instance, the structure of 49 kDa
P. falciparum CQ-resistance transporter PfCRT in complex with Fab was resolved at 3.2 A
resolution [230]. Consequently, nanodisc technology greatly improved the likelihood of
understanding the structure of functionally relevant IMP conformations and visualizing
essential protein-lipid interactions.
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Nanodiscs have been particularly useful in studies of IMPs using NMR spectroscopy
as well. Solution NMR has benefited from the fast tumbling of the nanodisc-IMP complex
providing correlation times in the nanosecond range [34]. Still, the limitation of IMP
size persists. Careful optimization of several parameters must be performed to obtain
homogeneous samples with desired size: the scaffold protein/copolymer-to-lipid molar
ratio; lipid composition, to provide hydrophobic match to the transmembrane part of IMP
and/ or specific interactions; and optimizations of nanodisc-to-IMP molar ratios [148,231].
This is true to an extent for all other structural biology techniques utilizing nanodiscs.
Also, for solution NMR, reduced-size nanodiscs of 60-120 kDa with faster tumbling are
more appropriate to obtain good NMR data quality [38,184]. Solid-state NMR studies have
been conducted on complexes oriented in external magnetic field nanodisc/Lipodisq-IMP
without magic angle spinning and on isotropic nanodisc/Lipodisq—IMP complexes with
magic angle spinning [232]. Such studies open the opportunity to elucidate the high-
resolution structure and conformational dynamics of IMPs in native-like environments.
Nanodiscs have been useful in NMR applied to GPCRs and other physiologically and
biomedically important IMPs [233,234].

EPR spectroscopy studies of spin-labeled IMPs’ structure—function relationships and con-
formational dynamics have also utilized nanodiscs as a membrane-mimetic platform [30,123].
Thus, double electron—electron resonance distance (DEER) measurements were conducted
on a nanodisc-incorporated LmrP eukaryotic multidrug transporter [235]. In this study,
the lipid makeup of the nanodiscs greatly affected the functional conformational state of
the transporter. Lipodisq nanoparticles were used to assess the conformational dynamics
of the human KCNQ1 voltage sensing domain [236]: The powerful combination of CW
EPR and DEER confirmed the stabilization effect of the Lipodisgs on protein structure.
In this study, the superior DEER data quality compared to liposomes highlighted the
high potential of these membrane mimetics in studies of IMPs. The Aer primary energy
sensor for motility in E. coli was also reconstituted in nanodiscs and studied by EPR [237];
although the DEER distances between the protein’s native Flavin radicals were very
similar in detergent (DDM) and nanodisc environments, the observed protein activity
was indeed higher in nanodiscs.

Nanodiscs were used in studies of IMPs by fluorescence-based techniques: inter-
nal reflection fluorescence microscopy (TIRFM), fluorescence correlation spectroscopy
(FCS), and FRET were all applied to nanodisc-reconstituted cytochrome P450 3A4 and
possible mechanisms for protein allosteric regulation were proposed [238,239]. Lipodisg-
reconstituted KirBacl.1 potassium channels were studied by using smFRET to probe
the structural changes that occur in this multimeric channel upon activation and inhibi-
tion [240]. IMPs in native nanodiscs, i.e., copolymer-solubilized native membranes, have
also been studied using FRET [241].

2.4. Liposomes in Studies of Integral Membrane Proteins
2.4.1. General Properties of Liposomes

Liposomes were introduced in 1961 by Bangham et al. [242] They are nano- and
micro-sized vesicles that can have just one (unilamellar) or multiple (multilamellar) lipid
bilayers [243,244] (Figure 5A). Unilamellar vesicles can range in size from 20 nm to more
than 1 uM, and depending on their size are classified as small (20-100 nm), large (larger
than 100 nm), or giant (larger than 1 uM), with the latter vesicles being closer to the size
of a cell. Multilamellar vesicles have multilayer morphology and are greater than 500 nm
in diameter. The inside lumen and the space between the lipid bilayers of the unilamellar
and multilamellar vesicles are filled with water-based solution, and liposomes present
a good artificial mimetic of a cell. Liposomes can be prepared from synthetic bilayer-
forming phospholipids, but native membrane-extracted lipids have also been used [245].
Further, the physical and chemical properties of the lipid bilayer in liposomes can be
tuned by varying the types and concentrations of lipids, and the amount of cholesterol
added [246]. Generally, extrusion through polycarbonate filters can be used to prepare
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large unilamellar vesicles (LUVs) with a diameter of about 100-500 nm. Low-power bath
sonication of lipid suspensions spontaneously forms small unilamellar vesicles (SUVs)
with a diameter of about 20-50 nm. Hydrated phospholipids can be used to prepare
giant unilamellar vesicles (GUVs) with a diameter greater than 500 nm by applying low-
frequency electric fields. Other methods to produce liposomes include freeze-thawing
and detergent extraction; hydration of lipid powders or films resulting inthe spontaneous
formation of multilamellar vesicles (MLVs) with an overall size between 1 and 10 um, as
well [151,247-249]. Based on their properties that closely mimic biological membranes,
liposomes have been extensively used in drug delivery due to their nontoxic nature and
ability to encapsulate both hydrophilic and hydrophobic compounds [243,246,250,251].
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Figure 5. IMPs in liposomes. (A) Unilamellar and multilamellar vesicles are shown. These
are continuous lipid bilayer structures with incorporated inside water-based solution, so the
environment inside and outside of liposomes can be controlled. Typically, the unilamellar liposomes
have just one lipid bilayer, whereas multilamellar vesicles have multi-bilayer onion-like structure
with solution-filled compartments between the bilayers. (B) Typically, the IMPs are reconstituted
in liposomes from detergent-solubilized form, which are mixed with detergent-solubilized lipids
in the form of mixed detergent-lipid micelles. After some period of incubation to ensure IMP-
lipid interactions, the detergent(s) are removed and the proteoliposomes, which usually have
close to unilamellar morphology are formed. (C) The substrate uptake assay can be carried on
liposome-reconstituted membrane transporters or channels: The uptake of radioactively CH)-
labeled substrate in the liposome can be quantified reporting on the IMP activity (upper panel) or
the uptake of ions (cations) can be quantified by the changes in the fluorescence intensity of the
liposome-incorporated dye, which is sensitive to the presence of substrate (lower panel).

Liposomes are also a great platform to reconstitute and study membrane proteins [248,252,
253]. To this end, liposomes offer several unique advantages compared to other membrane
mimetic systems. To begin with, multicomponent systems such as lipid, protein, and
substrate complexes can be reconstituted in the liposomes because of the large size of
this system [254]. Furthermore, liposomes sustain membrane potential because their
hydrophobic bilayer introduces compartments in the aqueous phase, just like the native
cells. In addition, liposomes represent a continuous membrane because they are not
constrained by a solubilizing scaffold structure. This stands in contrast to other membrane
mimetics, which only approximate a membrane bilayer. The diffusion behavior and native
lateral pressure of phospholipids and proteins can be studied because of the continuous
nature of liposome membranes [255]. All of these properties and the broad range of
possible lipid compositions make these membrane mimetics an important tool to study

130



Membranes 2021, 11, 685

IMPs’ conformational dynamics, substrate relocation across the membrane, folding, etc.
at the molecular level [28,29,132,256-258]. In addition to liposomes, vesicles with similar
properties termed “polymersomes”, which are made of amphiphilic polymers, have also
been utilized in studies of biological processes at the membrane, or in drug delivery [259].
However, despite their high potential as membrane mimetics, the current applications
of these membrane mimetics in IMPs structure-function studies are fewer compared to
phospholipid liposomes, and therefore, their detailed description is beyond the scope of
this review.

2.4.2. Reconstitution of Integral Membrane Proteins in Liposomes

Typically, IMPs are transferred in liposomes from a detergent-solubilized state (Figure 5B).
First, the desired lipids or lipid mixtures are transferred into a glass vial and dissolved
in organic solvent. Then, the solvent is evaporated under a stream of nitrogen or argon
gas and then under vacuum to remove the organic solvent completely; the preferred
buffer for downstream experiments is added to the dry lipid film, and the lipids are
hydrated for approximately 1 h at room temperature or 4 °C. depending on the lipid
polycarbon chain saturation and temperature stability, vortexing or sonication can be
applied as well. After complete lipid hydration, multilamellar vesicles are formed. Next,
aliquots of the lipid suspension are taken in amounts needed to produce the desired final
lipid-to-protein molar or w/w ratios and solubilized in mild detergent, e.g., Triton x-100.
The detergent-solubilized IMP is mixed with the detergent-solubilized lipids and incu-
bated for approximately 1 h at room temperature or a different temperature, if required.
Finally, the detergents are removed to form proteoliposomes [28,29,132,249]. In the last
step, the detergent can be removed by either dialysis or by using BioBeads. Also, further
freeze-thawing, extrusion, or mild sonication can be performed to obtain more homoge-
neous and unilamellar proteoliposomes. It must be noted that the described method for
IMP reconstitution in liposomes is rather challenging and requires optimization for each
particular IMP. Currently, the most widely used method to obtain GUVs is electroforma-
tion [260]. This method has been utilized to incorporate IMPs as well—for example, the
reconstitution of sarcoplasmic reticulum Ca?*-ATPase and H* pump bacteriorhodopsin
GUVs preserved these proteins’ activity [261]. Recently, a method to reconstitute an
IMP into liposomes using native lipid binding without detergent solubilization was illus-
trated [248]. To do so, cytochrome c oxidase (CytcO) was first solubilized and purified in
SMA nanodiscs (Lipodisqgs) and then the protein—nanodisc complexes were fused with
preformed liposomes, a methodology previously used for IMP delivery and integration
into planar lipid membranes [262].

2.4.3. Applications of Liposomes in Functional Studies of Integral Membrane Proteins

As noted above, proteoliposomes (IMP-liposome complexes) are similar to isolated
cells to a certain extent: distinct environments of compounds, ions, or pH can be created
inside and outside of liposomes, and in addition transmembrane potential can be gener-
ated [263-267]. This is a great advantage for the design and implementation of in vitro
functional assays of IMPs. Typically, in these assays, the IMP liposomes, also known as
unilamellar vesicles, are filled with the desired buffer, with or without IMP ligands, and
aliquots of these proteoliposomes are then transferred to a bath buffer with significantly
greater volume than that inside of the liposome. Thus, the reconstituted IMPs sense
the difference between the buffers inside and outside the liposome. Such experimental
setups are used, for example, to quantify the uptake of substrates by membrane trans-
porters or channels, if the bath buffer contains a labeled substrate, e.g., radioactively
labeled substrate [28,268,269], or the proteoliposomes are prefilled with a fluorescent
dye whose intensity depends on the presence of substrate [270-272] (Figure 5C). In such
experiments, the uptake of radioactive 8Rb into liposomes was utilized to measure
the activity of channels reconstituted in these liposomes [268]. Radioactively labeled
substrates (typically *H-labeled, but other radioactive atoms can be used as well) have
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been widely used in liposome-based functional studies of membrane transporters, e.g.,
Na*-dependent dicarboxylate transporter [273] and Na*-dependent aspartate transporter
GIltPh [274]. A fluorescence-based method using Magnesium Green, a Mg?*-sensitive
dye, was used to evaluate ATP/ADP exchange via mitochondrial adenine nucleotide
translocase [271]. In a similar assay, either Ca®*- or Na*-sensitive fluorescent probes
entrapped in liposomes containing connexin 26 hemichannels were used to demonstrate
for the first time the translocation of Ca%* by the connexin channel [270]. Inhibitors of
IMPs have also been tested in liposome-based assays [263]. Using different lipid mix-
tures to prepare liposomes was also exploited to study specific IMP-lipid interactions.
Thus, the activity of mammalian glucose transporter depends upon anionic (phosphatidic
acid, phosphatidylserine, phosphatidylglycerol, and phosphatidylinositol) and conical
phospholipids (phosphatidylethanolamine and diacylglycerol) [265].

2.4.4. Applications of Liposomes in Studies of Integral Membrane Proteins Using
Biophysical and Structural Biology Methods

Due to their complexity, attempting to determine the high-resolution structure of
IMPs in proteoliposomes is usually not a researcher’s first choice. Still, liposomes have
been used to crystallize IMPs incorporated in the bilayer, and the obtained 2D crystals
were analyzed by EM [258,275]. Although using EM to characterize the structure of IMPs
from 2D crystals formed in flattened liposomes is a difficult task due to varying liposome
morphology and other factors, success was achieved. Electron cryotomography, subtomo-
gram averaging, and electron crystallographic image processing were successfully applied
to analyze the structure of bovine F1Fo ATP synthase in 2D membrane crystals [276].
Another advancement in determining the structure of IMPs using 2D crystallization of
liposomes is to generate buffer gradient from the inside to the outside of the liposome,
which activates the IMP. Then, the 2D crystals are quickly frozen under liposome gradient
conditions and snapshots of active protein are taken. This technique has contributed to
the detailed characterization of IMP functional conformations in lipid bilayers [258].

Conformational dynamics underlying IMPs’ function in liposomes have been exten-
sively studied using EPR spectroscopy [27-30,32,119,132]. This technique can be applied
to IMPs in both unilamellar and multilamellar vesicles and is not restricted based on the
size of proteins in the liposome. In many cases, EPR studies were conducted on the same
proteins in detergent and in liposome, revealing distinct membrane-mimetic dependent
conformational behavior. Using DEER spectroscopy for the GltPh transporter, Georgieva
et al. [28] found that although the subunits in this homotrimeric protein occupy the
outward- and inward-facing conformations independently, the population of protomers
in an outward-facing state increases for proteins in liposomes. Also, the lipid bilayer
affects the assembly of the M2 proton channel from influenza A virus as deduced from
DEER modulation depth measurements on spin-labeled M2 transmembrane domain in
MLVs compared to detergent (3-DDM)—the dissociation constant (K4) of M2 tetramer is
significantly smaller than that in detergent, therefore the lipid bilayer environment facili-
tates M2 functional channel formation [29,132]. These studies are extremely important in
elucidating the role of lipid bilayers in sculpting and stabilizing the functional states of
IMPs.

Single-molecule fluorescence spectroscopy and microscopy have also been used to
study conformations of IMPs in liposomes. This technique was used to successfully assess
the dimerization of fluorescently labeled IMPs [277,278] and the conformational dynamics
of membrane transporters in real time [137,279].

2.5. Other Membrane Mimetics in Studies of Integral Membrane Proteins
2.5.1. Amphipols

The concept of amphipols—amphipathic polymers that can solubilize and stabilize
IMPs in their native state without the need for detergent—emerged in 1994. Amphipols’
mechanism was validated in a study of four IMPs: bacteriorhodopsin, a bacterial pho-
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tosynthetic reaction center, cytochrome b6f, and matrix porin [280]. Amphipols were
developed to facilitate studies of membrane proteins in an aqueous environment by pro-
viding enhanced protein stability compared to that of detergent [281,282]. Functionalized
amphipols can be used to trap membrane proteins after purification in detergent, during
cell-free synthesis, or during folding [281]. Because of their mild nature, amphipols
provide an excellent environment for refolding denatured IMPs, like those produced
as inclusion bodies [283]. The stability of IMP—amphipol complexes upon dilution in
an aqueous environment is another advantage of these membrane mimetics. Thus, am-
phipols have been used in numerous IMP studies to monitor the binding of ligands
and/or determine structures [280,284]. Still, they have some disadvantages. Their solu-
bility can be affected by changes in pH and the addition of multivalent cations, which
neutralize their intrinsic negative charge and lead to low solubility [284,285].

2.5.2. Lipid Cubic Phases

Lipidic cubic phase (LCP) is a liquid crystalline phase that forms spontaneously
upon mixing of lipids and water under specific conditions [286,287]. It was introduced
as membrane mimetic in 1996 for crystallization of IMPs [18]. Since then, numerous
IMP structures that had been difficult or even impossible to crystalize in other mimetic
environments were solved in LPC [19,288]. The first structure of GPCR as a fusion
construct with T4 lysozyme was solved in LPC by Kobilka et al. [289] LCP can be described
as highly curved continuous lipid bilayer made of monoacylglycerol (MAG) lipids, which
is surrounded by water-based mesophase. Thus, the whole system forms continuous
highly curved channels, in which IMPs are incorporated. Generally, LCPs maintain the
IMPs functional conformations and activity. For crystallization in LCPs, the detergent-
solubilized IMP is mixed with the LCP-forming lipid, to which specific lipids can be added
as well. The addition of precipitant to this system affects the LCP in terms of phases
transition and separation, so some of these phases become enriched in IMP leading to
nucleation and 3D crystals growth. In addition to crystallography, functional assays
have been performed on LPC-reconstituted IMPs as well [290]. Due to space limitations,
we do not provide further details of this highly advantageous for X-ray crystallography
and protein structure determination. More details can be found in specialized reviews
elsewhere [286,291].

3. Conclusions

Due to the important roles of IMPs in cells” and organisms’ normal physiology as well
as in diseases, there is a need to comprehensively understand the functional mechanisms
of these proteins at the molecular level. To this end, in vitro studies on isolated proteins
using diverse biochemical and biophysical approaches provide invaluable information.
However, studies of IMPs are challenging due to these proteins” hydrophobic nature,
low expression levels in heterologous hosts, and low stability when transferred out of
the native membrane to a membrane-mimetic platform. To overcome these challenges,
progress has been made in multiple directions. We summarized the developments of lipid
membrane mimetics in functional and structural studies of IMPs over the past several
decades. Indeed, the diversity of these systems grew significantly, and the widely ranging
lipid membrane-mimetic platforms now available provide high solubility, stability, more
or less lipid-bilayer environments, and other specific properties that are utilized in studies
featuring NMR, X-ray crystallography, EM, EPR, fluorescence spectroscopy assays, ligand
binding and translocation assays, etc. This has resulted in the continuous expansion of
knowledge about IMPs. In Table 1, we provide concise information about the most-widely
used membrane mimetics to study IMPs, selected applicable techniques, along with some
of their advantages and disadvantages.

The fast development of lipid membrane mimetics and the great expansion of their
diversity also provides a great promise for the successful future research to uncover the
mechanisms of IMPs, which, to date, have been difficult to stabilize and study. Besides,
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combining the information from studies of IMPs in different membrane mimetics and by
different techniques will help to more completely understand the structure and function
of these proteins and avoid possible biases due to the selection of membrane environment.

Table 1. Summary of most widely used lipid membrane mimetics in functional and structural studies of IMPs.

Applicable Techniques to

System/Type Study IMPs Advantages Disadvantages
X-ray crystallography Propensity of IMP
Single-particle cryoEM denaturation
Detergent micelles Eﬁghsltl;:r’:rl(\)lslz[oR Fasy handling Chances of
Ionicg detergents Fluorescer?ce s ectrgzco Starting point for non-physiological IMP
onic deters P Py downstream applications conformations due to
Zwitterionic detergents smFRET

Non-ionic detergents

Isothermal titration calorimetry
(ITC) for ligand binding/protein
interactions
Functional assays

Availability of large variety
of detergents

mismatched ‘IMP-micelle’
hydrophobic thicknesses
CMC of the detergent must
be considered

Easy preparation
Homogeneous and
translucent suspensions

Total lipid concentration can

Solution NMR Provide true lipid affect size and geometry
Bicelles Solid-state NMR environment of bicelle
X-ray crystallography physiological conditions Risk of IMP perturbation in
EPR spectroscopy Diverse types of lipids can case of insufficient
be incorporated to match bilayer size
Bicelles of different sizes can
be prepared
Single particle cryoEM
. Solution NMR Maintain integrity and Optimization of assembly
Nanodisc . . .
. Fluorescence spectroscopy and shape even upon dilution conditions can be time
MSP nanodiscs . - . .
@ microscopy Easy accessibility of soluble  consuming Not suitable for
SMALP/Lipodisq . I .
. . smFRET domains in IMPs Possibility large MP oligomers
Synthetic peptide-based . . . .
. EPR spectroscopy of size adjustment to Dynamics of lipids affected
nanodiscs . .. . . M T
. . ITC for ligand binding/protein accommodate a monomeric by protein ‘belt’ Limited
Saposin nanoparticles > . .
interactions IMP or larger IMP complex size range

Functional assays

Liposomes

Small unilamellar vesicles
(SUVs)

Large unilamellar vesicles
(LUVs)

Giant unilamellar vesicles
(GUVs)

Multilamellar vesicles (MLVs)

Electron crystallography
Solid-state NMR
EPR spectroscopy
smFRET
Functional
assays/substrate uptake
Electrophysiology

Large size can accommodate
large and
multicomponent systems
Represent continuous
membrane providing closer
to native environment
for IMPs
Diffusion behavior similar
to native phospholipid
membrane
Broad range of possible
lipid compositions

The orientation of IMP is
often non-native
Expensive compared to the
traditional systems
Low solubility

Single-particle cryoEM

Assist IMPs study in
aqueous environment
Stability of IMP-amphipol
complex stable on dilution

Commercially evaluability
of only one amphipol type
Too difficult to maintain the

Amphipols Solid-state NMR Provides better IMP stability IMP—amp hipol C(?mplex
. sometimes Multivalent
compared to micelle cations- and
Facilitate refolding of e
denatured IMPs pH-dependent solubility
More native-like
Lipidic cubic phase Xray crystallography environment for IMPs Relatively expensive

Functional studies

facilitating
their crystallization
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Abstract: Kainate receptors are members of the ionotropic glutamate receptor family. They form
cation-specific transmembrane channels upon binding glutamate that desensitize in the continued
presence of agonists. Concanavalin A (Con-A), a lectin, stabilizes the active open-channel state of
the kainate receptor and reduces the extent of desensitization. In this study, we used single-molecule
fluorescence resonance energy transfer (smFRET) to investigate the conformational changes un-
derlying kainate receptor modulation by Con-A. These studies showed that Con-A binding to
GluK2 homomeric kainate receptors resulted in closer proximity of the subunits at the dimer—dimer
interface at the amino-terminal domain as well as between the subunits at the dimer interface at
the agonist-binding domain. Additionally, the modulation of receptor functions by monovalent
ions, which bind to the dimer interface at the agonist-binding domain, was not observed in the
presence of Con-A. Based on these results, we conclude that Con-A modulation of kainate receptor
function is mediated by a shift in the conformation of the kainate receptor toward a tightly packed

extracellular domain.

Keywords: kainate receptor; Concanavalin A; smFRET; electrophysiology

1. Introduction

Kainate receptors belong to the family of cation-permeable channels known as ionotropic
glutamate receptors (iGluRs). These receptors are activated by glutamate and are impor-
tant in excitatory neuronal transmission throughout the central nervous system [1-4].
Kainate receptors, like other iGluRs, are tetrameric proteins arranged as a dimer of
dimers in their extracellular segments. Furthermore, each subunit of the receptor can
be separated into four major domains: the two extracellular domains, which comprise
the amino-terminal domain (ATD) and the agonist-binding domain (ABD); the trans-
membrane segments; and the cytosolic carboxy-terminal domain [3,5,6]. It is through
induced conformational changes occurring at these domains that agonists and other small
molecules regulate channel activity [7-9].

Structural and spectroscopic measurements have provided significant insight into the
conformational changes underlying kainate receptor activation and desensitization [6,7,9-14].
In the resting, apo state of the kainate receptor, when there is no glutamate bound, the
cleft within the bi-lobed, agonist-binding domain is open, and there are extensive in-
teractions (coupling) between the subunits forming the dimer of the ABD. The binding
of glutamate leads to closure of the ABD cleft [13,15]. In the event of coupling across
the ABD dimers, the cleft closure conformational change pulls on the transmembrane
segments, moving them apart, resulting in opening of the channel pore and thus, allowing
the influx of cations. Decoupling of the ABD dimer interface, on the other hand, allows
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for the release of stress at the transmembrane segments. This release in stress allows for
the transmembrane segments to close, preventing further influx of cations and leading to
receptor desensitization [6,7,9].

Exogenous jack-bean extract, Concanavalin A (Con-A), is a lectin which is known
to bind to carbohydrates attached to proteins through N-glycosylation [16-18]. Con-A
has been found to modulate the function of kainate receptors by changing the extent
of desensitization [16,19]. Using site-directed mutagenesis, it has been shown that the
glycosylation sites on kainate receptors play a role in Con-A modulation [17,18]. These
glycosylation sites are spread throughout the extracellular ATD and ABD domains, and
it has not been possible to draw direct correlations between binding site, conformation,
and functional modulation [17,18,20,21]. Functional studies have shown that Con-A
binding and modulation is state-dependent. Specifically, preincubation with Con-A prior
to glutamate application produces larger effects on loss of desensitization than upon
co-application with glutamate simultaneously. Furthermore, the preincubation effects are
less pronounced with partial agonists [22,23]. The differential effects due to pre-incubation
provide indirect evidence for the state-dependent effect of Con-A. However, apart from
these indirect measurements, the specific conformational mechanism underlying Con-A
modulation is still unknown.

Here we used single-molecule fluorescence resonance energy transfer (smFRET) to
study the conformational changes that underlie the reduction of desensitization in kainate
receptors due to Con-A. FRET is ideally suited for such studies, as it can measure distances
like a molecular ruler by detecting the extent of energy transfer between a donor and
acceptor fluorophore, which are attached to specific sites on the protein of interest. Using
the FRET methodology at the single-molecule level allows us to understand the confor-
mational heterogeneity in the protein associated with each of the functional states [24-34].
We have previously used smFRET to investigate the conformations associated with the
apo (unliganded), channel open/active, and desensitized states of the GluK2 homomeric
kainate receptors [34]. These studies identified the ABD dimer interface as a site showing
large-scale changes between active and desensitized states with no significant changes
at the ATD interface across the subunits. The ABD dimer interface showed multiples
states with varying degrees of decoupling, with the dimer interface being primarily
tightly coupled in the resting and active states and shifting toward decoupled states
upon desensitization [34]. This was consistent with the mechanism that was proposed
based on cryo-EM structures of the resting and desensitized states [6,7,9]. Given that the
subunit interfaces played a role in conformational control of function, here we studied the
conformational changes underlying the reduction in desensitization of kainate receptors
by Con-A by investigating the changes at the ATD and ABD subunit interfaces. Our
studies show that Con-A alters the subunit interface at both the ATD and ABD favoring
states that stabilize the active state of the receptor.

Prior structural and functional studies have shown that Na* ions stabilize the dimer
interface at the agonist-binding domain [10,35-39]. Removal of these ions, or their re-
placement with Cs™, leads to an increase in population of receptor conformations that are
decoupled at the dimer interface, and this, in turn, favors inactivation and stabilization of
the desensitized state of the receptor [34,37]. Given that Con-A binding favors the cou-
pled dimer interface at the agonist-binding domain, we investigated the ion modulation
function of kainate receptors in the presence of Con-A to determine if the two modulators
had overlapping conformational control of function.

2. Methods
2.1. Generation of FRET Constructs
GluK2 constructs containing native glutamine at site 590 from Rattus norvegicus pre-

viously used in cryo-EM and smFRET studies were used. GluK2 insertion into pcDNA3.1;
replacement of cysteine to serine at sites C91, C199, and C432; and mutation of site
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5266 (ATD) and A479 (LBD) to cysteine has been previously described in prior stud-
ies [6,7,33,34].

2.2. Electrophysiology

HEK 293T cells were transfected using Lipofectamine 2000 (GluK2-wt, GluK2-ABD,
and GluK2-ATD) and co-transfected with GFP at a microgram ratio of 3:1. Whole-cell
patch clamp recordings were performed 2448 h after transfection using fire-polished
borosilicate glass (Sutter instruments, Novato, CA, USA) pipettes with 3-5 megaohms
resistance that were filled with internal solution: 110 mM CsFE, 30 mM CsCl, 4 mM NaCl,
0.5 mM CaCly, 10 mM HEPES, and 5 mM EGTA (adjusted to pH 7.4 with CsOH). The
extracellular solution consisted of 150 mM NaCl or CsCl, 2.8 mM KCl, 1.8 mM CaCl,,
1.0 mM MgCl,, and 10 mM HEPES and was adjusted to pH 7.4 with NaOH or CsOH.
External solutions were locally applied to lifted cells using a SF-77B perfusion fast-step
(Warner Instruments, Holliston, MA, USA) in the presence or absence of 1 mM glutamate.
Recordings were performed using an Axopatch 200B amplifier (Molecular Devices, San
Jose, CA, USA) at —60 mV hold potential, acquired at 10 kHz using pCLAMP10 software
(Molecular Devices), and filtered online at 5 kHz. Single-channel recordings were per-
formed in the outside-out patch-clamp configuration 24 h after transfection (GluK2-wt).
Patch pipettes had a resistance of 8 to 15 megaohms when filled with an internal solution.
Buffers and solution concentrations were like those used for whole cell recordings. Data
were acquired at 50 kHz and low pass filtered at 10 kHz (Axon 200B and Digidata 1550A;
Molecular Devices). The holding potential was —100 mV. Data were further filtered at 1
Hz. All recordings were idealized using the segmental k-means algorithm of QuB [40,41].

2.3. smFRET Sample Preparation

HEK 293T cells were transiently transfected using the JetPrime protocol at 10 pug per
10-cm plate. One day after transfection, the cells from two 10-cm dishes were harvested;
washed with extracellular buffer (ECB) containing 135 mM NaCl or CsCl, 3 mM KCl,
2 mM CaClp, 20 mM glucose, and 20 mM HEPES; and adjusted to pH 7.4 with NaOH
or CsOH. Post-wash, the cells were labeled for 1h at room temperature with 600 nM
of donor fluorophore Alexa 555 maleimide (ThermoFisher, Waltham, MA, USA) and
2.4 uM of acceptor fluorophore Alexa 647 maleimide (ThermoFisher) in 3 mL of ECB.
Post-labeling, the cells were washed and solubilized for 1 h at 4 °C. Solubilization buffer
contained 1% lauryl maltose neopentyl glycol (Anatrace, Maumee, OH, USA), 2 mM
cholesteryl hydrogen succinate (MP Biomedicals, Irvine, CA, USA), and }1 protease
inhibitor tablet (Pierce ") in phosphate-buffer saline containing either NaCl and Na,HPO,
for experiments in the presence of Na* or CsCl and K;HPO, for experiments in the absence
of Cs*. Solubilized cells were filtered from unsolubilized debris by ultracentrifugation at
100,000x g for 1 h at 4 °C using a TLA 100.3 rotor. The supernatant was collected and
kept on ice until used for smFRET samples.

2.4. smFRET Slide Preparation

Glass slides (20 x 20 mm) were washed using bath sonication in Liquinox phosphate-
free detergent (Alconox, Inc.,, New York, NY, USA) followed by washing with 4.3%
NH4OH and 4.3% H,O; solution. Slides were then washed with purified water and
dried with nitrogen gas. Post-drying, slides were plasma cleaned using a Harrick Plasma
PDC-32G Plasma Cleaner followed by Vectabond (Vector Laboratories, Burlingame, CA,
USA) treatment for aminosilanization. Slides were then stored under vacuum. Silicon
templates (Grace Bio-Labs, Bend, OR, USA) were cleaned by sonication in methanol for
20 min followed by vortexing. Silicon templates were stored in clean methanol and dried
with nitrogen gas when applied over Vectabond-treated slides. Slides were then treated
with 50 puL of PEG solution containing 0.25% w/w biotinylated PEG, 25% w/w mPEG-
succinimidyl carbonate, and either 0.1 M NaHCOj3 or 0.1 m Tris for Na* free conditions
and stored overnight in a dark, moist environment. The following day, the slides were
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cleaned with purified water and dried with nitrogen gas prior to treatment with short-
chain PEG solution containing 25 mM short-chain 333 Da MS(PEG)4 Methyl-PEG-NHS-
Ester Reagent and either 0.1 M NaHCOj or 0.1 M Tris, followed by room temperature
incubation for 2-3 h. After incubation, slides were washed with purified water and
dried with nitrogen gas. Silicon templates were removed, and Hybridwell chambers
and press-fit tubing connectors (Grace Bio-Labs) were applied. Streptavidin solution
containing 0.2 mg/mL streptavidin, 1X smFRET imaging buffer (1 mM DDM (n-dodecyl-
[3-D-maltoside), 0.2 mM CHS (cholesteryl hydrogen succinate), and 1X phosphate-buffer
saline containing either NaCl and Na,HPO, or CsCl and K,HPO, was applied inside
the chamber and incubated for 10 min, followed by washing with the appropriate 1X
phosphate-buffer saline with or without Na*. 10 nM of biotinylated Goat Anti-Mouse IgG
(H + L) secondary antibody (Jackson Immunoresearch Laboratories, Inc., West Grove, PA,
USA, catalog number 115-065-003) was then flowed through the chamber and incubated
for 20 min, followed by washing with the appropriate 1x phosphate-buffer saline. Next, 10
nM of 6X-His Tag mouse anti-Tag, Clone: HIS.H8 primary antibody (Invitrogen, Waltham,
MA, USA, MA1213151MG) was introduced through the chamber and incubated for 20
min, followed by washing with the appropriate 1x phosphate-buffer saline. Bovine
serum albumin (1 mg/mL) was introduced into the chamber and incubated for 15 min.
Detergent-solubilized purified proteins containing 8X-His tagged homomeric GluK2
receptors were attached to the glass slide using an in situ immuno-precipitation (SiMPull)
method by applying 50 uL of sample three times through the chamber and incubating
for 20 min. 90 puL of oxygen-scavenging solution buffer system (ROXS) was applied
inside the chamber containing 1 mM methyl viologen, 1 mM ascorbic acid, 0.01% w/w
pyranose oxidase, 0.001% w/v catalase, 3.3% w/w glucose (all from Sigma-Aldrich, Inc.,
St. Louis, MO, USA), 1 mM DDM (Chem-Impex, Wood Dale, IL, USA), and 0.2 mM CHS
(MP Biomedicals, LLC, Santa Ana, CA, USA) in phosphate-buffer saline containing either
NaCl and Nap,HPO4 or CsCl and K,HPOy, pH 7.4. In the glutamate-treated condition,
1 mM glutamate, 1 mM of MnCl,, and 1 mM of CaCl, were introduced into the ROXS.
In the Con-A treated condition, 40 uM Con-A (MilliporeSigma, Burlington, MA, USA), 1
mM of MnCl,, and 1 mM of CaCl, were introduced into the ROXS and incubated for 10
min before application of glutamate-containing ROXS.

2.5. smFRET Data Acquisition

smFRET measurements were collected using a custom-built PicoQuant Microtime
200 Fluorescence Lifetime Microscope. To characterize the fluorescent behavior of both
donor and acceptor fluorophores as well as the efficiency of the energy transfer between
donors and acceptors, acquisition was conducted using both 532 nm (LDH-D-TA-530;
Picoquant, Berlin, Germany) and 637 nm (LDH-D-C-640; Picoquant) lasers using pulsed
interleaved excitation at 80 MHz. During scanning, the slide was immobilized on a
scanning x-y-z piezo stage (P-733.2CD; Physik Instrumente) and observed through a
100x oil-immersed lens (100 x 1.4 NA; Olympus, Tokyo, Japan). Photons from samples
post-excitation were then collected back through the objective and separated through a
dual band dichroic beam splitter (Zt532/640rpc-UF3; AHF/Chroma, Bellows Falls, VT,
USA). Prior to detection, photons were then filtered through emission filters (550 nm
(FF01-582/64; AHF/Semrock, Rochester, NY, USA) for the donor or 650 nm (2XH690/70;
AHE, Tiibingen-Pfrondorf, Germany) for the acceptor) and into two SPAD photodiodes
(SPCM CD3516H; Excelitas Technologies, Waltham, MA, USA).

2.6. smFRET Data Analysis

Molecules exhibiting a donor-acceptor anticorrelation and with a single photobleach-
ing step were used in the analysis. FRET efficiencies were calculated based on the donor
and acceptor intensities. MATLAB (Mathworks, Natick, MA, USA) was used to denoise
donor and acceptor traces using wavelet-based denoising [42]. Origin (OriginLab Corp,
Northampton, MA, USA) was used to create smFRET histograms and traces. The total

149



Membranes 2021, 11, 613

numbers of molecules used for each condition were as follows: Con-A treated under Na*
condition, 40 molecules for GluK2-ATD and 38 molecules for GluK2-LBD; Con-A treated
under Cs* condition, 36 molecules for GluK2-LBD.

3. Results

We used maleimide-thiol reaction chemistry to attach donor and acceptor fluo-
rophores at specific sites on the GluK2 receptor via mutated cysteines. To introduce
cysteines at specific sites, we used a Cys-light GluK2 receptor, where the extracellular
accessible cysteines at sites C91, C199, and C432 were mutated to serines [32-34]. For
investigating changes at the dimer—dimer interface at the ATD we introduced a cysteine
at site 266, henceforth referred to as GluK2-ATD. To study the interface within the dimer
at the ABD, we introduced a cysteine at site 479 in the Cys-light background, henceforth
referred to as GluK2-ABD. These sites were optimal for the donor (Alexa 555) and acceptor
(Alexa 647) fluorophore pair, as FRET was only observed for the interface of interest, and
all other distances had much lower FRET efficiencies (the Ry for Alexa 555 and Alexa
647 was 51 A) (Figure 1). In order to attach the receptor to the imaging cover slip, we
introduced an octa-histidine tag on the C-terminus of the receptor, allowing us to perform
in situ pulldown of solubilized receptors that were expressed in HEK-293T cells [43]. Elec-
trophysiological measurements were performed with the smFRET constructs, GluK2-ATD
and GluK2-ABD, expressed in HEK-293T cells. The glutamate-mediated currents, as well
as the reduction in the extent of desensitization by Con-A in the glutamate-mediated cur-
rents for these constructs, are shown in Figure 1 and were similar to that of the wild-type
GluK2 receptor. This established that these smFRET constructs served as good models for
wild-type GluK2 receptors.

To perform smFRET measurements, we transfected HEK 293T cells with GluK2-
ATD or GluK2-ABD and labeled them with donor and acceptor fluorophores. Detergent-
solubilized membrane preparations of these cells were used for the in situ pull down of the
receptor onto the coverslip. Fluorescence intensities of donor and acceptor fluorophores
measured from single molecules using donor excitation (for determining FRET) were
used to determine FRET efficiency between the donor and acceptor fluorophores. To
ensure that only a single FRET distance was being measured, only traces exhibiting a
single donor and a single acceptor photobleaching step and showing anticorrelation after
the photobleaching of the acceptor were used to obtain FRET efficiencies. Representative
single molecule traces and the ensemble FRET efficiency histograms from at least 30
molecules are shown in Figure 2 for GluK2-ATD and in Figures 3 and 4 for GluK2-ABD.
Wavelet-based denoising was performed on the donor and acceptor traces, and these
denoised traces were used to determine FRET efficiencies of the different conformational
states. Histograms showing the denoised efficiencies are overlaid on the histograms from
the observed traces [42].

In the presence of Con-A and glutamate, the denoised smFRET efficiency histogram
for GluK2-ATD showed that the receptor exhibited a primary population that had a FRET
efficiency of 0.95, corresponding to the distance of 31 A (Figure 2), with smaller fractions
at FRET efficiencies of 0.88, 0.80, and 0.72, corresponding to distances of 37 A, 40 A, and
44 A, respectively (Figure 2). The primary FRET efficiency of 0.95 for the ATD dimer
distance, at site 266, was significantly higher than the primary FRET efficiency of 0.83 that
we previously observed for GluK2-ATD receptors bound to glutamate in the absence of
Con-A. This shift in the FRET efficiency population histogram is shown in the overlay
of the observed FRET efficiency histogram for GluK2-ATD bound to glutamate in the
presence and absence of Con-A in Figure 2. Based on these data showing conformations
with higher FRET efficiency corresponding to shorter distances between the dimer—dimer
subunits, we could conclude that Con-A binding to GluK2 receptors led to tighter packing
at the ATD.
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Figure 1. Depiction of the structural arrangement of homomeric GluK2 receptor and fluorophore
conjugation sites. (A) Cryo-EM structure of a homomeric GluK2 receptor (PDB:5KUF) displaying
the amino-terminal domain (ATD), agonist-binding domain (ABD), and transmembrane domain
(TMD) and sites of fluorophore conjugation at the ATD (266) and ABD (479); top-down view shown
for ATD (PDB:5KUF) and ABD (PDB:5KUH) with distances between sites 266 and 479, respectively.
(B) Representative whole-cell recordings with 1 mM of glutamate for GluK2-wt, GluK2-ATD, and
GluK2-ABD in the presence (blue) or absence (red) of 40 uM of Con-A (top) along with the ratio of
steady-state to peak currents obtained from at least three different cells (bottom). These data show
higher steady-state currents in the presence of Con-A.
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Figure 2. Conformational landscape of the distance across the dimer—dimer interface at the amino-terminal domain (ATD)
of the homomeric GluK2 receptor (measured at site 266). (A) Denoised FRET efficiency histogram, in orange, overlapped
onto an observed FRET efficiency histogram, in gray, depicting FRET efficiency occurrences in the presence of Con-A and
glutamate. (B) Comparison between observed FRET efficiency histograms for glutamate-bound homomeric GluK2 receptors
in the absence (in black) [34] and presence (in orange) of Con-A, illustrating a shift toward higher FRET efficiencies in the
presence of Con-A.
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Figure 3. Conformational landscape of the distance between subunits at the dimer interface of the agonist-binding domain
(ABD) of a homomeric GluK2 receptor (measured at site 479). (A) Denoised FRET efficiency histogram, in red, overlapped
over observed FRET efficiency histogram, in gray, depicting FRET efficiency occurrences in the presence of Con-A and
glutamate. (B) Comparison between observed FRET efficiency histograms of glutamate-bound homomeric GluK2 receptors
in the absence (in black) [34] and presence (in red) of Con-A, illustrating a decrease in the low-FRET efficiency population in
the presence of Con-A.
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Figure 4. Effect of Con-A on ion modulation of GluK2 receptors. (A) Representative whole-cell recording with TmM of
glutamate and 40puM of Con-A for GluK2-ABD in the presence of either CsCl (red) or NaCl (blue) (top) along with the ratio
of steady-state to peak currents obtained from at least three cells (bottom), showing no difference in steady-state response
between NaCl- and CsCl-treated. (B) Denoised FRET efficiency histogram, in magenta, overlapped over the observed FRET
efficiency histogram, in gray, depicting FRET efficiency occurrences in the presence of Con-A and glutamate obtained with
CsCl replacing NaCl. (C) Comparison between observed FRET efficiency histograms of the homomeric, glutamate-bound,
GluK2 receptor obtained with CsCl replacing NaCl, in the absence (in black) [34] and presence of Con-A (in magenta),
illustrating a decrease in the low-FRET efficiency population in the presence of Con-A.

At the ABD dimer interface, smFRET histograms with GluK2-ABD receptors showed
a major peak region at 0.94 FRET efficiency, corresponding to a distance of 32 A (Figure 3)
in the presence of Con-A and glutamate. Additional, less populous peaks were observed at
0.86, 0.80, 0.76, and 0.62, corresponding to 38 A, 40 A, 42 A, and 47 A, respectively (Figure
3). While conformations with similar FRET efficiencies were observed previously for the
GluK2 receptors bound to glutamate in the absence of Con-A, the fraction of receptors in
the high FRET states was significantly lower than that observed in the presence of Con-A.
This shift in population to higher FRET efficiency states in the presence of Con-A can be
seen in the overlay of the FRET efficiency histogram of GluK2-ABD bound to glutamate
in the presence and absence of Con-A (Figure 3B). Prior structural and spectroscopic
investigations of the x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) and kainate receptors have shown that decoupling of the agonist-binding dimer
drives desensitization in these receptors [6,9,44]. Thus, our data, which show a shift
toward a more coupled dimer interface at the agonist-binding domain in the presence of
Con-A, suggest that Con-A favors activation and reduces desensitization by allosterically
stabilizing the dimer interface at the agonist-binding domain.
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To further investigate the changes at the dimer interface of the ABD caused by Con-
A binding, we studied the effect of Con-A on the Na* modulation of kainate receptor
function. For investigating Na* ion modulation, we compared the whole-cell currents
from GluK2-ABD homomeric receptors mediated by 10 mM glutamate in the presence
of Con-A with Na* ions in the extracellular buffer to those measured in the extracellular
buffer when Na* was replaced with Cs* (Figure 4A). No significant differences were
observed in the currents when Na* was replaced with Cs* in the presence of Con-A.
These results in the presence of Con-A are in contrast with prior investigations showing a
large decrease in currents when Na* was replaced with Cs* in the absence of Con-A [37].
Additionally, the extent of the residual current (non-desensitizing) due to stabilization
with Con-A was similar in Cs* (Figure 4A) and in Na* (Figure 1). These investigations
showed that in the presence of Con-A, the Na* ion modulation of GluK2 receptor function
was not observed and was consistent with the smFRET observations that showed that
Con-A stabilized the ABD dimer interface and thus, removed the need for stabilization by
Na* ions. To further confirm that the stabilization of the dimer interface in the presence
of Con-A was maintained in the presence of Cs* ions, we investigated the distances at
the dimer interface using sSmFRET. The smFRET histogram obtained with GluK2-ABD
receptors when Na* ions were replaced with Cs* ions (Figure 4B) was similar to that
obtained with Na* ions (Figure 3). The shift to higher efficiency FRET conformations in
the presence of Con-A relative to those previously reported in its absence in measurements
performed when Na* ions were replaced with Cs* ions is shown by overlapping the FRET
efficiency histograms (Figure 4C). Overall, the smFRET data show that Con-A favors a
more coupled dimer interface even when Na* ions are replaced with Cs* ions, and this,
in turn, can be related to the similar whole cell currents observed in both Na* ions and
Cs* ions.

4. Discussion

Lectins such as Con-A are proteins that bind specifically to carbohydrates, glycopro-
teins, and glycolipids. The pharmacological effects of Con-A on kainate receptors have
been studied extensively in both native and heterologous expression systems [16-19,36,45,46].
These studies have shown that Con-A increases the steady-state response of kainate
receptors while not altering the kinetics for desensitization. To account for these elec-
trophysiological observations, a kinetic mechanism involving multiple open states has
been proposed, with Con-A shifting the population between these states. Additionally,
mutational studies have shown that Con-A binds irreversibly to nine N-glycosylated
amino acid residues located near the agonist-binding domain [18]. Given the multiple
Con-A binding sites and the fact that tetrameric Con-A is more effective than the dimeric
succinyl Con-A [38], it has been proposed that Con-A may act by restricting protein
movements in the ABD. Consistent with the hypothesis that Con-A alters the agonist-
binding domain, Con-A has been shown to have differential effects on currents mediated
by agonists of differing efficacy [23]. These biochemical and functional studies provide
indirect evidence of a shift in the conformational landscape of the agonist-binding domain
as the mechanism underlying Con-A modulation of kainate receptors, and our smFRET
investigations presented here provide insight into the specific conformations and shifts
induced by Con-A binding.

Previous smFRET investigations allowed us to characterize the conformational land-
scape of the extracellular domain of GluK2 receptors in the apo (unliganded), glutamate-
bound form (where the receptor was primarily desensitized) as well as the glutamate-
bound D776K mutant receptor (where the receptor was primarily in the open active
state) [34]. These studies showed that the dimer interface at the agonist-binding domain
exhibits varying degrees of decoupling when the GluK2 receptor is bound to glutamate,
while in the glutamate-bound form of the D776K mutant, the dimer interface of the
agonist-binding domain exists primarily in a tightly coupled conformation. These studies
suggested that the lower FRET (longer distance) decoupled states at the dimer interface of
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the ABD correlated to the desensitized state conformations, while the high FRET (shorter
distance) coupled state at the dimer interface of the ABD represented the active, open-
channel state of the receptor. The smFRET histograms for GluK2 receptors with Con-A at
the dimer interface of the agonist-binding domain studied here showed a shift toward a
higher FRET population, and the shift was consistent with the higher residual currents
observed in the whole-cell recordings. These results suggest that modulation via Con-A
is through a conformational selection process wherein conformation with the coupled
dimer interface of the agonist-binding domain is favored.

This mechanism of Con-A modulation is further confirmed by the loss in Na* ion
modulation in the presence of Con-A. Na* ions bind to the agonist-binding domain dimer
interface and stabilize the interface. Replacing Na* with Cs* ions, which bind with a
significantly lower affinity at the dimer interface, leads to lower currents and decreased
stability of desensitized states in GluK2 receptors. This functional change is reflected in
the higher population of lower FRET states in the presence of Cs*, further supporting
the correlation between the decoupling at the dimer interface and the desensitization
of the receptor. In this study, we showed that in the presence of Con-A, both function
and conformational spread was unaltered when Na* was replaced with Cs* ions, as Na*
was no longer required for stabilization of the agonist-binding domain interface. Overall,
our smFRET data showed a tighter packing at both the ATD and ABD subunit interfaces
in the GluK2 receptor in the presence of Con-A that underlay the observed functional
changes.

All ionotropic glutamate receptors are N-glycosylated, and deficiencies associated
with glycosylation have been implicated in a number of diseases [47]. Interestingly, it has
been shown that receptors without glycosylation still maintain their primary glutamate-
gated ion channel function [17]. However, these studies were done using isolated re-
ceptors. The present study, along with prior functional studies, shows that lectins such
as Con-A can modulate function by stabilizing extracellular domains upon binding to
glycosylation sites. This raises the question as to whether endogenous proteins present
in synapses can modulate ionotropic glutamate receptors by binding to glycosylation
sites in a manner similar to what is seen for Con-A. This would imply that deficiencies
in glycosylation might not affect isolated receptor function, but they would alter the
modulatory effect of these proteins on receptor function in the context of the interacting
proteins and thus, alter excitatory transmission. Recent studies have shown that several
endogenous proteins, such as those that belong to the C1q/TNF superfamily, have a
similar beta sheet fold as Con-A [48], and these have been shown to bind to ionotropic
glutamate receptors. Among the most studied and better understood is cerebellin, an
endogenous soluble protein, which forms a tripartite complex with ionotropic glutamate
delta receptors and the presynaptic transmembrane protein, neurexinlf [49,50]. The
modulatory mechanism through which these proteins work is still largely unknown.
Future studies on the modulatory mechanism mediated by such C1q/TNF superfamily
proteins, on the ionotropic glutamate receptors, and on the possible role of glycosylation
on such modulation will shed light on whether these share common pathways to those
observed here for Con-A binding to kainate receptors.
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Abstract: A primary biological function of multi-spanning membrane proteins is to transfer in-
formation and/or materials through a membrane by changing their conformations. Therefore,
particular dynamics of the membrane proteins are tightly associated with their function. The semi-
atomic resolution dynamics information revealed by NMR is able to discriminate function-related
dynamics from random fluctuations. This review will discuss several studies in which quantitative
dynamics information by solution NMR has contributed to revealing the structural basis of the
function of multi-spanning membrane proteins, such as ion channels, GPCRs, and transporters.

Keywords: membrane protein; NMR; ion channel; GPCR; transporter; dynamics

1. Introduction

Multi-spanning helical membrane proteins, such as GPCRs, ion channels, and trans-
porters, play a critical role in transferring information and materials through a membrane.
Since the function and malfunction of multi-spanning helical membrane proteins are
critical in many biological processes and their associated diseases, understanding the
functional mechanism of these proteins is of great interest from biological, medical, and
pharmaceutical aspects. The recent advances in X-ray crystallography and cryo-electron
microscopy (Cryo-EM) unveiled a significant number of structures of membrane proteins
with biological, medical, and pharmacological importance. The number of published
membrane protein structures is currently over 4000 and rapidly increases after the estab-
lishment of single-particle analysis of Cryo-EM.

The atomic-resolution structures of membrane proteins have contributed to vari-
ous research fields as a structural basis for understanding their functions. One of the
early landmark examples is the determination of potassium ion channel structure by
R. Mackinnon [1]. The structure of the KcsA potassium ion channel revealed the selec-
tive ion conductance mechanism of the channel by the formation of square antiprism
coordination of carbonyl oxygens around each K* binding site as if to mimic the waters
of hydration [1,2] (Figure 1A). The following crystal structure of a calcium-dependent
potassium channel MthK in the opened state unveiled the structural difference between
the closed and opened potassium channels [3,4]. Under the closed conditions, the inner
helix adopts straight conformation to form a bundle, closing the ion-conducting path
in the intracellular side (Figure 1A). In contrast, the inner helices are in the bent con-
figuration in the open conditions, which sprays out the intracellular gate, allowing the
ion conductance (Figure 1B). In addition, the structures of ion channels with different
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regulation mechanisms have been solved to unveil how ion conductance is regulated by
various inputs such as pH, ligands, temperature, membrane voltage, ion concentrations,
mechanosensation, and protein—protein interactions, etc. [5-12]. The recent image process-
ing technique in Cryo-EM even allows the classification of open and closed conformations
of ion channels in the mixture to quantify the increased fraction of open conformation
with the exposure to the inducers [13].
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Figure 1. Functional dynamics of an ion channel. (A) Crystal structure of KcsA in the closed conformation at neutral pH
(PDB ID: 1BL8). (B) Crystal structure of pore domain of MthK in the open conformation (PDB ID: 1LNQ). (C) Single-channel
recording of KcsA in acidic condition [14]. (D) A macroscopic current of KcsA after pH jump. (E) Close-up view of the
Trp indole region of the "H-1"N TROSY HSQC spectra of Ha-partially protonated />H/®N-labeled A125-160 KcsA. The
resonances from Trp-68 and Trp-87 overlap with each other. Assignments were established by site-specific mutagenesis. The
dashed lines connect corresponding signals. (F) The conformational state of HBC and SF in the corresponding condition
is shown in panel (D). (G) Methyl-TROSY spectra of WT (Left), the E71A (Middle), and Y82A (Right) mutants at pH 3.2
and 25 °C. The numbers in parentheses are the relative intensities of the two signals of V76 y. The figure was reproduced
from [14-16] with permission.

The dynamic behavior of membrane proteins is of importance as they are required to
change their structure in response to various stimuli and transfer the information in and
out of the membrane to exert their functions. For example, the single-channel recording
shows that ion channels in the open conditions are not continuously permeating ions.
They are instead under the equilibrium between open, closed, and inactive conformations,
reflected in the stochastic profile of the ion permeabilization through a channel (Figure
1C). The open dwelling times are mostly in the order of milliseconds, which correspond
to the exchange rate 1000 s~!. Since the open probability (i.e., the population of open state
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per unit time) determined from the open/closed dwell time and the ion conductivity in
the open state defines the total ion flux, the activity of the ion channel can be described
from the stochastic dynamic behavior of the proteins and is beyond the description by
static snapshot structures.

NMR is an optimal spectroscopic technique to reveal such dynamics of proteins.
NMR is able to define the function-associated dynamics in a site-specific manner and
quantify the population of each conformation under an equilibrium, along with the rate
of interconversion. For this purpose, various NMR measurements and stable-isotope
labeling strategies are available. The quantitative analysis of the NMR relaxation rate
can detect a high-energy functional state that populates less than one percent in an
equilibrium. Due to its versatility to the condition, NMR can monitor the changes in
structure and dynamics of membrane proteins associated with the functionally important
parameters such as temperature, pH, ions, and inducers. The features would allow
dissecting function-associated dynamics from random fluctuations. Thus, NMR would
be of choice in understanding the functional mechanism of membrane proteins. In
this review, we will overview some recent achievements that highlight the strength of
solution-state NMR in the structure and dynamics analyses of the multi-spanning helical
membrane proteins, such as ion channels, GPCRs, and transporters.

2. Ion Channels

As mentioned above, KcsA potassium channels are a hallmark example where
structural studies, especially those from NMR, have contributed to understanding their
functional mechanism. KcsA is a pH-dependent potassium channel derived from Strepto-
myces lividans. Structurally, KcsA is one of the simplest potassium channels consisting
only of a pore domain harboring an ion-selective filter and an intracellular gate. Two-
membrane spanning helices from each monomeric unit form a tetrameric assembly to
form the ion conductance path at the rotation symmetry axis (Figure 1A).

At neutral pH, KcsA adopts a closed state and is impermeable to K* ions. As depicted
by X-ray crystallography, inner transmembrane helices of KcsA form a bundle in the in-
tracellular side to pinch the ion-conducting path. This intracellular helix bundle crossing
(HBC) is a common structural feature among ion channels in closed conditions. While in
the acidic condition, KcsA transiently and stochastically opens to conduct the K* channel
(Figure 1B). The microscopic current from patch-clamp multichannel recording showed that
KcsA conducts transient maximum current right after reducing pH; however, the current
decays exponentially to a certain inactivation level in 1-3 s [14] (Figure 1C). While the
activation-coupled inactivation proceeds, the K* conductance at the single-channel level
remains invariant [17] (Figure 1D). Thus, the activation-coupled inactivation reflects the
reduction of the open probability of the ion channel after activation. Indeed, the channels are
reportedly open in a burst of activity before entering a long-lived nonconductive state [17].
The activation-coupled inactivation is present in almost all K* channels and many other ion
channels; thus, it reflects the common structural behavior of ion channels.

While the open probability of KcsA in the inactivated condition is known to be as
much as 10% [14], our NMR study revealed that intracellular HBC is fully open even
in the inactivated condition [15]. In a series of 'HN-TROSY HSQC spectra measured
at various pH values, significant chemical shift changes were detected between pH
3.9 and 5.2, reflecting a conformational rearrangement associated with the gating of
the ion channel. Since the 2D NMR measurement takes hours, the acidic condition
spectra are those that experience the activation-coupled inactivation. The pH-dependent
chemical shift changes were primarily observed in the residues near the intracellular
HBC. Especially, the chemical shifts Trp-26 and Trp-113 are distinct at acidic and neutral
pH, indicating that the intracellular gate changes to a completely different structure,
presumably in open conformation at acidic conditions (Figure 1E). This observation
supports the “dual-gate” properties of the K* channel, in which the channel becomes
permeable to K* ions only when both intracellular HBC and the selective filter (SF) are
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in conductive conformation [15] (Figure 1F). Since the intracellular gate of KcsA is fully
open even after a few hours of exposure to the acidic pH, the selectivity filter determines
the channel’s open probability in the inactivated state. It should also be noted that from
a pH-dependent measurement of KcsA, we revealed that the H25A mutation abolished
this pH-dependent conformational rearrangement. These results indicate that the residue
near the intracellular gate serves as a “pH-sensor” of the channel [15].

Further NMR investigation showed that the signals in the vicinity of the selectivity
filter (SF) split into two peaks in acidic conditions [16] (Figure 1G). The relative intensity
of the signal changes substantially with the temperature, which strongly suggests that SF
in the acidic condition is under the equilibrium between two distinct conformations. Since
the open probability of KcsA in the acidic inactivated condition is as much as 10% [17],
we consider that the major peaks observed at 25 °C correspond to the impermeable
conformation and the minor peak reflects the permeable conformation of the selective
filter. From the analysis of the EXSY spectrum, the exchange rate between the two
conformational states in SF was determined to be ~1 s~!. The value is closely in agreement
with the inactivation kinetics of the channel [18].

To further verify this hypothesis, we compared the NMR spectra of the WT KcsA
with those of the E71A and Y82A mutants (Figure 1G). The E71A mutant does not show
inactivation. In contrast, the Y82A mutant experiences extensive activation-coupled
inactivation, in which the open probability is less than 5%. In the NMR spectrum of the
E71A mutant, the only signals that correspond to the permeable conformation (minor
peak in WT KcsA) were mostly observed [16]. While in the Y82A mutant, the signal that
corresponds to the permeable condition was much less intense than WT. These results
support that major and minor signals observed in the WT KcsA are from impermeable
and permeable conformational states of SF, respectively.

Furthermore, the K* titration experiments revealed that KcsA weakens the affinity to
K* ion in an acidic condition, and the loss of K* ion at SF results in the deformation to an
impermeable conformation [16]. Since NOE signals between the methyl group of Val-76 in
SF and water were detected only in the impermeable state, we think that a water-binding
instead of K* ion leads to the blockage of the ion permeabilization at the SF. It should
be noted that the reduction of K* ion binding to the open state was also confirmed by
recent solid-state NMR analysis of the constitutively open H25R/E118A mutant of KcsA
embedded in a lipid bilayer at neutral pH [19].

As shown here, NMR successfully identifies the dual gate properties in KcsA, which
thoroughly explains the electrophysiological profile of the channel. Independent NMR
studies of KcsA by other groups also confirmed the structural and dynamic properties
associated with the gating function of the ion channel [20]. It should also be noted that while
the initial study was done in n-dodecyl (3-d-maltoside (DDM) micelle, we also investigated
the conformational equilibrium of KcsA in lipid bilayers [18]. Toward this end, reconstituted
high-density lipoprotein (rHDL), also known as nanodisc, was used [21]. The rHDL is a
disc-shaped particle of about 10 nm in diameter, in which a membrane scaffold protein
with an amphiphilic helix structure holds the lipid bilayer structure inside. Since rHDL
is monodisperse and soluble, it is suitable for NMR analysis. We reconstituted KcsA into
rHDL and performed NMR observations. The NMR spectra in rHDL were similar to those
in DDM, and there was no global structural difference between detergent-solubilized and
rHDL-reconstituted KcsA. However, in the conformational equilibrium of the residues
constituting SF, the ratio of impermeable state was higher in rHDL than DDM. This result
strongly suggests that the lipid bilayer environment affects the structural equilibrium of
KesA and NMR is a suitable technique to dissect the mechanistic feature of ion channels
embedded in lipid bilayer [18]. In line with this notion, it is shown that specific lipid
composition strongly increases the KcsA open probability, indicating the critical role of the
surrounding lipid bilayer in the gating of the KcsA channel [22].

Bax et al. reported the measurements of backbone BN R;, Rip, I5N-("H) NOE, and
15N CSA /dipolar cross-correlation for the KcsA channel in SDS micelles under conditions
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where this channel is in the closed state [23] as well as in the open state [24], and the
dynamics at different time scales were successfully described. It should be noted that the
study was conducted at a relatively high temperature (323 K) in SDS micelle. As a result,
while the channel remains in the tetrameric form in the measurements under the closed
condition, the channel dissociated into a monomeric form under the open condition at
acidic pH, which might not be fully relevant to its functional state.

In addition, we recently investigated the effect of disease-related mutations on K*
channel conformational equilibrium [25]. Val-408 in the human Kv1.1 channel is located
near intracellular HBC, and an Ala mutation at the position is known to associate with
episodic ataxia. Mutational studies using the Shaker voltage-gated K* (Kv) channel have
revealed that increased sidechain volumes at the corresponding position substantially
decrease the K*-permeability. Our NMR study revealed that the Ala to Val mutation at
the corresponding residue (position 111) in KcsA stabilizes the closed conformation of
HBC. The A111V mutant forms the structure closely resembling the closed state in the
WT KcsA, even under the pH 3.0 condition. The results are consistent with the case of
the Shaker Kv channel in that the bulky sidechain at the corresponding position results
in a nonconductive phenotype. The Ala-111 contributes to extensive inter-helix van-der-
Waals contacts in the open conformation, while the closed conformation is stabilized by
introducing mutations with increased sidechain volumes. Thus, we considered that the
stability of closed HBC conformation and disfavored sidechain van-der-Waals contacts in
the open conformation would be the underlying mechanism of the increased population
of the closed conformation in the KcsA mutants. Due to the structural similarity to KesA,
the disease-related mutations should also affect the gating of the human Kv1.1 channel.

We have also clarified the function-associated conformational equilibrium of the ATP-
dependent ion channel, P2X [26]. In the «,[3-methylene ATP-bound state, NMR signals from
the residues in the transmembrane region and the residues that connect the ATP-binding
site and the transmembrane region are in a conformational equilibrium between closed and
open conformations [27,28]. NMR study also contributed to understanding the regulation
mechanism of the NaK channel [29] and G protein-activated inwardly rectifying potassium
channel [28,30], along with the structural characterization of ion channels [31-35] and their
regulatory domains [36-38]. In addition, the inhibition mechanisms of ion channels by peptide
toxins [39-42] were characterized by extensive structural and interaction analysis at residue-
specific levels. These indicate the versatility of the NMR strategy to unveil the functional and
inhibition mechanism of the class of multi-spanning helical membrane proteins.

3. G-Protein Coupled Receptors (GPCRs)

GPCRs are one of the largest families of membrane proteins in eukaryotes. In hu-
mans, there are more than 800 GPCRs, which function as receptors for neurotransmitters,
hormones, and cytokines, etc. To date, more than 550 structures of >100 GPCRs have been
deposited to PDB. Especially, the recent development of cryo-EM technology allowed us
to determine the structure of GPCR in complex with heterotrimeric G proteins. While
these structures substantially advanced the structural study of GPCRs, these structures
are static and do not necessarily capture the major structures in physiological conditions.
Instead, by using NMR and other biophysical methods, it becomes clear that GPCRs are
under dynamic structural equilibrium with multiple conformations under physiological
conditions to evoke multiple intracellular signaling pathways in various amplitudes.
Especially, the development of in situ NMR strategy allows quantitative analyses of the
dynamic structural equilibrium in GPCRs, such as the rate and amount ratio of exchange
between different structures [43,44].

One of the unique characteristics of GPCR is the presence of basal activity (Figure 2A).
With the basal activity, GPCRs are always partially activated intracellular G proteins to
a certain level. Upon the ligand binding, GPCRs both upregulate or downregulate the
activation level compared to the basal level, depending on the ligand types. The degree
to which the ligand activates the GPCR at the saturated concentration is called efficacy
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(Figure 2A). The ligands that inhibit the basal activity are called inverse agonists, and the
ligands that do not change the basal activity are called neutral antagonists. A ligand that
completely activates the target GPCR is called a full agonist. It is also known that there is
a ligand called partial agonist that weakly activates the target GPCR. These differences
in efficacy are known to affect the biological activity and usage of the drug. For the
[32-adrenergic receptor (32AR), it is reported that a full agonist offers a clinical advantage
over a partial agonist in severe acute asthma. In contrast, partial agonists with fewer side
effects are preferable in chronic treatment.
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Figure 2. Efficacy of GPCR elucidated by NMR. (A) Pharmacological concepts of efficacy. (B) Overlay of the 'H-13C
SOFAST-HMQC spectra of [o,B,B-2H;-, methyl—13C—Met] B2AR at 298 K in complex with an inverse agonist, carazolol (black),
a neutral antagonist, alprenolol (cyan), a weak partial agonist, tulobuterol (green), a partial agonist, clenbuterol (violet), and a
full agonist, formoterol (red). Only the regions with M82 resonances are shown. The signals are color-coded in the same way
as in panel (A). (C) Experimental (left) and simulation (right) spectra of the ligand-dependent shift of the M82 resonances.
Overlay of the 'H slice of M82 resonances in complexes with indicated ligands with different efficacy at 298 K is shown.
(D) Conformational equilibrium quantified by NMR explains the efficacy of 2AR ligands. The fraction of active conformation
that was obtained by fitting, shown in panel (C), was used. The figure was reproduced from [45] with permission.

In the structure of the inverse agonist-bound $2AR, the fifth and sixth transmem-
brane helices (TM5 and TM6) interact with each other in the closed conformation. While,
in the ternary complex of 32AR, full agonist, and G protein, the TM5 and TM6 of 32AR
open outward, and the C-terminal helix of the a subunit of G protein enters the resulting
cavity. The difference in the three-dimensional structures explains the mechanism by
which a ligand induces the activation of GPCRs. However, the difference in the efficacy
of each ligand and the basal activity of 32AR cannot be explained by a simple two-state
conformational change from inactive to active conformations.

In order to unveil the structural mechanism underlying the difference in the efficacy
of each ligand, we subjected 32AR for NMR analyses. For this purpose, NMR signals of
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Met-82, which undergoes a conformational change in conjunction with the P/I/F motif
residues was used. The structure change in the P/I/F motif (Pro-211, Ile-121, and Phe-282
in f2AR) is known to trigger conformational changes in the intracellular side. In the
inverse agonist-bound condition, two signals derived from Met-82 were observed [45]
(Figure 2B). On the other hand, in the full agonist-bound condition, only one signal of
Met-82 with a chemical shift distinct from that in the inverse agonist-bound form was
observed [45] (Figure 2B). These observations indicate that the differences in the activation
states of 32AR are reflected in the NMR spectra.

The 'H chemical shifts of the Met methyl group are known to reflect the surrounding
environment, especially the positions of the aromatic rings. In contrast, those of the 1>C
sidechain mostly reflect the x° dihedral angle of its own [46]. The 1H and 13C chemical
shifts of Met-82 in the inverse agonist-bound state corresponded well to those in the crystal
structure of B2AR. Similarly, the 'H and '3C chemical shifts of Met-82 in the full agonist-
bound state correspond well to those of the full agonist-bound form. Therefore, the observed
signals report the structural difference between inactive and active conformations of the
GPCR [45]. It should be noted that two signals were observed for Met-82 in the spectrum,
indicating that there are at least two distinct inactivation states in 2AR.

In the antagonist-bound state, two Met-82 derived signals are observed as it is
similar to those in the inverse agonist-bound state; however, their chemical shifts are
slightly different. A single Met-82 signal with a chemical shift between the inverse
agonist- and full agonist-bound states was observed in the partial agonist-bound states.
Additionally, depending on the strength in the activation level, the chemical shifts of the
resultant spectra were changed; the weak antagonist is closer to that of the inverse agonist-
bound state. Based on the correlation between the chemical shifts and the efficacy of the
binding ligands, we concluded that 32AR is in equilibrium between the two inactive
and one active conformation in each ligand-bound state and that the ratio of each state
differs depending on the binding ligand (Figure 2C). In this case, the population of the
active conformation upon the binding to the saturated concentration of ligands should
reflect the efficacy. The ratio of the active conformation calculated from the chemical
shifts of Met-82 signal in each ligand-bound state corresponds well to their G-protein
activation capacity (Figure 2D) [45]. Similar function-related conformational equilibria
of B2AR/P1AR in the transmembrane regions have later been investigated by other
groups [47-49]. In addition, several groups investigated the conformational equilibria in
the cytoplasmic regions by F-NMR, with chemical modifications by CF3 groups on the
cysteine sidechains [50,51]. Interestingly, these reports suggest that the conformational
equilibria in the transmembrane and cytoplasmic regions are only partially coupled [43].

The structure model of agonist-bound 2AR in solution was recently proposed by
quantifying the paramagnetic relaxation enhancement (PRE) effect [52]. The structure of
the agonist-bound $2AR in solution was different from the structure of any GPCR reported
thus far. Compared to the structure of the inverse agonist-bound B2AR, TM6 is rotated
about 90° clockwise when viewed from the intracellular side. In addition, the intracellular
side of TM6 was closed as compared to the structure of the G protein-bound state. Due
to the rotation of TM6, the G-protein-interacting residues on TM5 and TM6 cluster on the
same surface to facilitate the interaction. Furthermore, the Leu mainchain amide signal
broadening indicates the presence of a structural equilibrium in the transmembrane region
of 32AR in the agonist-bound state, including the site where the effector binds.

No such structural equilibrium was suggested in previous reports that utilize the
extensive introduction of thermostable mutations. Thus, excessive mutation and modi-
fication of GPCR introduced to determine the structures by X-ray crystallography and
Cryo-EM can be detrimental to the function-associated dynamics of proteins. It should
also be noted that inserting fusion proteins in the effector-binding site also causes the loss
of the function and associated dynamics of GPCRs. Thus, the observation of functional
GPCR dynamics without modification would be critical in understanding the function of
proteins with dynamic structural nature.
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The measurements of backbone 1°N relaxation rates are challenging for GPCR due to
its molecular weight and limitation in deuteriation. Grzesiek et al. recently reported the
15N relaxation rates in the B1-adrenergic receptor in its apo form and seven ligand com-
plexes [53], while the construct used retains extensive thermostabilizing mutations [48].
The measurements of '’F NMR relaxation times were also conducted for the 1°F probes
that are introduced to the functionally important sites [54,55]. The results clearly describe
the changes in the amplitudes of local motions and the local reorientation frequency
upon ligand bindings, which might reflect the exchange between conformational states
associated with the GPCR [54,55]. A 'F CPMG relaxation dispersion experiment was
conducted to quantitatively describe the rate of interconversion between the conforma-
tional states in 3,-AR [51]. The strategy was also applied to obtain mechanistic insights
into allosteric regulation of the A5 R by physiological cations [56] and ligand-dependent
conformational equilibria in the transmembrane regions in 31 AR [57]. It should also be
noted that fast methyl dynamics were quantified in the presence of different ligands in
A AR by using triple-quantum relaxation data [58], as well as in sensory rhodopsinII [59]
and bacteriorhodopsin [60].

The NMR analyses of GPCRs were also conducted in a lipid bilayer environment using
rHDL. Since GPCR embedded in rHDL is equivalent to a protein with a molecular weight of
200 K, the NMR spectrum of fully protonated 32AR-rHDL is rather poor. Thus, the amino
acid selective deuteration was employed for the residues located in the proximity of the
observing methionine residues to enhance the methyl TROSY effect. The procedure enhances
the sensitivity of the NMR signal by ~5 fold [61]. Similar to that observed in DDM micelle,
the NMR spectra of 32AR-rHDL bound to various ligands reflected the distinct efficacy of
each ligand. However, the chemical shift of the $2AR in the partial agonist-bound state was
closer to that of the full agonist-bound state in rHDL than those in micelles, indicating that
the proportion of the active form was slightly higher in the lipid bilayer environment [61]. In
addition, the signal in the partial agonist-bound state was significantly broader than that in
micelles, and two separated signals were observed in the weak partial agonist-bound state.
These results indicate that the exchange rate between the active and inactive forms is slower
in the lipid bilayer environment than in micelles.

Although the GPCR dynamics study conducted in a lipid bilayer environment is lim-
ited, one more example was recently presented for the leukotriene B4 receptor BLT2 [62].
It is shown that BLT2 explores at least four different conformational states for the unli-
ganded condition, and the relative population of the conformational states is modulated
by ligands and the sterol content of the membrane.

We also calculated the G-protein activation capacity using the percentage of active
B2AR in micelles and rHDL derived from NMR signals and compared it with the ex-
perimental G-protein activation capacity in 2AR-expressing cells. The results showed
that the G-protein activation in rHDL corresponded better to the experimental values in
cells than in micelles. Therefore, the lipid bilayer environment has an essential effect on
the activity of 2AR. From the exchange rate of the structural equilibrium, we can also
estimate the time required to activate the downstream signal. The results showed that
the activation of $2AR occurred in ~1 ms, followed by the activation of G protein in ~100
ms, and the change in intracellular cAMP concentration in ~1 s. This estimation closely
matches the experimentally measured time required for the G protein activation and the
change of the intracellular cAMP concentration. The rapid activation of GPCRs is thought
to be advantageous for neurotransmission and sensory reception.

The NMR observation of critical methionine residues also explained the structural ba-
sis for the selective activation of intracellular signaling. GPCRs not only activate G-protein
signaling but also evoke G-protein-independent arrestin signaling after phosphorylation
of the intracellular region by GPCR kinases (GRKs). GPCR ligands promote differing
degrees of signaling in the G-protein and arrestin pathways called biased signaling [63,64].
Ligands that promote both signaling pathways are called balanced ligands, whereas those
that activate one of the signaling pathways are called biased ligands. Although the crystal
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structure of the rhodopsin—arrestin complex is available, the structure of arrestin-bound
rhodopsin was almost identical to that of G protein—-mimetic peptide bound form [65].
Thus, the structural basis of biased signaling is largely unknown.

In p opioid receptor (LOR), Met-245, adjacent to the aforementioned P/I/F motif,
showed distinct chemical shifts in the activated form, depending on the signaling bias
conditions [66]. The signal corresponding to the activated conformation of the G-protein-
biased-partial-agonist (TRV130) bound form, and that of the 3-arrestin-biased mutant
bound to full-agonist shifted in the opposite direction relative to that of the balanced-full-
agonist bound state. In addition, the chemical shifts of Met-245 correlated well with the
bias factors, which is the ratio of the (3-arrestin signaling efficacy to the G-protein signaling
efficacy in each state. These results indicate that ptOR is under an equilibrium among
distinct activation states that favor the G protein activation and arrestin activation. The G
protein-biased ligands induce the activation state that is suitable for G protein signaling,
while the arrestin-biased mutant populates more to the activation state that favors the
initialization of arrestin signaling. The chemical shifts of Met-163, Met-257, and Met-283,
located in the intracellular side of the TM3, TM5, and TM6, respectively, also showed
the chemical shift change that reflects the signaling bias. These residues are located in
positions that reflect TM3, TM5, TM6, and TM7 conformations. Thus, the conformational
equilibrium described above accompanies the coupled conformational changes in these
TM helices [66]. The intracellular cavity, which is composed of TM3, TM5, TM6, and
TM?7, seems to exist in equilibrium between multiple open conformations, including
the conformations that preferentially activate either G-protein-mediated signaling or
[-arrestin-mediated signaling. Each biased ligand seems to shift the equilibrium between
the multiple open conformations toward the conformation that preferentially activates
G-protein-mediated signaling or arrestin signaling. The chemical shift derived from the
NMR experiment thus provides information to dissect or verify the enhanced selectivity
of a ligand to a certain signaling pathway [66].

As described above, phosphorylation of the C-terminal region of GPCRs by GRK
initializes the arrestin signaling. However, the structure of GRK-phosphorylated GPCRs
has not been described in detail. It is known that the lipid bilayer environment is im-
portant for the phosphorylation of GPCRs by GRK; thus, we reconstituted the B2AR
reconstituted in the rHDL to obtain phosphorylated 32AR. The NMR spectra of the
phosphorylated 2AR-rHDL showed that the signal from Met-215, located in TM5, under-
went a significant chemical shift change upon phosphorylation. In addition, the Met-279
signal originating from the TM6 became broader. Therefore, phosphorylation of the
C-terminal region affects the structure of the transmembrane region of 32AR. In addition,
the Met-215 signal in the unligated phosphorylated 32AR was observed between those of
unphosphorylated and arrestin-bound phosphorylated states. Thus, the phosphorylated
2AR partly forms a structure that is similar to the arrestin-bound structure [67].

Furthermore, by utilizing the segmental labeling strategy using the trans-splicing
technique, the NMR signals originating from the C-terminal region were selectively
detected [67]. The Hx and ¥C«x chemical shifts of the C-terminal region of the full
agonist-bound state of 32AR reconstituted in the rHDL indicated that the region does
not form a specific secondary structure. Upon the phosphorylation by GRK, part of the
signals from the C-terminal region were significantly broadened. In particular, the signal
originating from the y2 methyl group of Thr-360 was broadened toward the 13C axis, sug-
gesting the existence of the equilibrium between multiple rotameric states with different
X1 angles on a timescale of ps—ms. In addition, the saturation transfer from the transmem-
brane region of 32AR to the C-terminal residue, Thr-360, was observed. Therefore, the
corresponding region is close to the transmembrane region upon phosphorylation. Since
arrestin recognizes both the transmembrane region and the phosphorylated C-terminal
region of the GPCR, the proximity of the phosphate group to the transmembrane region
would be required to form the surface suitable for arrestin interaction. Since the intracel-
lular side of the transmembrane region of GPCR, including 32AR, is rich in basic residues,
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these basic residues would contribute to the interaction to the phosphorylated and neg-
atively charged C-terminal region. The interaction analyses of phosphorylated GPCR
and arrestin by NMR have also revealed that the distinct receptor phospho-barcodes are
translated to specific arrestin conformations and define selective signaling [68].

As described above, NMR revealed the dynamic structural equilibrium of GPCRs in the
lipid bilayer environment close to physiological conditions, which is directly related to their
activity. The applications of NMR to understand the dynamics of GPCRs are extensively
pursued as illustrated in recent reviews [43,69-71]. It should also be noted that the dynamics
of the human neuropeptide Y receptor type 2 reconstituted into dimyristoylphosphatidyl-
choline (DMPC) membrane were recently investigated by solid-state NMR spectroscopy
along with molecular dynamics simulations [71,72]. From 15N and 2H NMR spectra and the
13C MAS NMR spectra, a large amplitude of structural fluctuations in a liquid-crystalline
membrane was described at physiological temperature, which further indicates the high
mobility of the protein in the lipid bilayer membrane. The information would also guide the
ligand design to control the efficacy and signal selectivity, distinct from the conventional
ligand design that uses the only affinity to the target protein as an indicator.

4. Transporters

Exchanging substances across the membrane to supply nutrients and remove waste
products is fundamental for cells to keep biological activities. The exchanges are carried
out by membrane proteins such as channels and transporters in a lipid bilayer. While
channels passively transport ions through the pore structure, most transporters actively
transport their ligands using energy molecules, such as ATP and/or concentration dif-
ference of protons, ions, and other substances across the membrane. Since transporters
are also important to uptake or excrete drug molecules, they are critically involved in
the pharmacokinetics and therapeutic efficacy of drugs. One of the hallmark examples
is multidrug efflux transporters, which are also recognized as the most fundamental
biological defense mechanism widely distributed in all three kingdoms of life. For the
sake of clarity, here we focus on the structural study of multidrug efflux transporters.

There are two distinct types in multidrug efflux transporters; one is the ABC (ATP-
binding cassette)-type, which utilizes the energy derived from the hydrolysis of ATP
molecules for transport activity. The others are ATP-independent transporters, mostly an-
tiporters, which carry in H+/Na* ion and drugs in opposite directions. Recent advances
in the structural analysis have revealed how transporters achieve active transport through
various mechanisms and work as sophisticated molecular machines. As for P-glycoprotein
(P-gp), an ABC-type multidrug efflux transporter, X-ray, and Cryo-EM structures unveiled
overall structural architectures, as well as the ligand and inhibitor recognition mechanism
of the transporter [73-76]. Most of the P-gp structures are inwardly facing, presumably be-
cause the outward-facing state is not stable enough to be crystallized. Recently, the crystal
structure of Cyanidioschyzon merolae, red algae, P-gp was determined in an outward-
facing conformation with bound nucleotide, representing the first case that both in-
ward and outward-facing conformations are determined for the eukaryotic homolog [77].
As for antiporter, the AcrAB has been extensively analyzed to unveil how trimeric AcrB
transporter recognizes and eliminates various drugs in a functionally rotating mechanism
based on the detailed three-dimensional structures [78,79]. Even a whole architecture of
the AcrAB-TolC multidrug efflux pump that is composed of the outer-membrane channel
TolC, the secondary transporter AcrB located in the inner membrane, and the periplas-
mic AcrA, which bridges these two integral membrane proteins, were experimentally
visualized by Cryo-EM [79,80].

EmrE is another multidrug efflux transporter that is extensively analyzed by multiple
structural methods. EmrE is a 110-amino-acid residue antiporter that belongs to the small
multidrug resistance (SMR) transporter family. The protein exports a broad range of
cationic aromatic substrates in exchange for two protons in the opposite direction [81].
It is known that the initial structure of EmrE was erroneously determined due to an
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improper process in the in-house program [82,83]. The current consensus topology of the
EmrE structure is an asymmetric dimer with antiparallel orientation for the monomers,
which is consistent with initially determined by two-dimensional crystal cryoelectron
microscopy (cryo-EM) [84], the revised X-ray structure [85], and NMR as discussed
below [86] (Figure 3A). In the 'H-'°N transverse relaxation-optimized spectroscopy
(TROSY) spectrum of TPP*-bound 2H/®N-EmtE embedded in isotropic bicelles, twice
as many peaks as expected for a monomer of EmrE with almost equal intensity was
observed [86] (Figure 3B). Two possibilities are consistent with the NMR data: (1) parallel,
symmetric EmrE dimers interconverting between inward- and outward-facing states and
(2) the unique model of asymmetric antiparallel EmrE dimers interconverting between
two states that are identical but open to opposite sides of the membrane. With equal
populations, asymmetric antiparallel EmrE dimers can be expected, as symmetric parallel
EmrE dimer model requires two distinct conformations with exactly equal free energies.
In contrast, asymmetric antiparallel EmrE inherently shows equal populations because
each dimer consists of one monomer in each conformation. This expectation was further
confirmed by bulk and single-molecule FRET and cross-linking experiments [86].
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Figure 3. Transportation coupled conformational exchange of EmrE transporter revealed by NMR. (A) Proposed transport
mechanism of EmrE by antiparallel asymmetrical dimer. The two conformational states adopt an identical structure
in opposite orientations with respect to the membrane. Interconversion between the inward-open and outward-open
conformations enables EmrE to transport its substrate. (B) Overlay of conventional I'H-15N TROSY HSQC spectrum (black)
with the TROSY ZZ-exchange spectrum (red, 100 ms mixing time). Blue lines connect exchange peaks and auto-peaks, and
residue numbers are indicated. (C) Mapping of normalized chemical shift changes (Aw) between auto-peaks in the structure
of EmrE. (D) The global fit of auto- (solid circles) and cross-peak (open circles) intensities in the ZZ-exchange experiment.
(E) Composite peak ratio analysis of ZZ-exchange data. Significantly different exchange rates for EmrE bound to TPP*
(black) and the other slow-exchanging derivatives, EtTPP* (magenta), MBTPP* (green), and DPhTPP* (blue). Global fits
are depicted with solid lines, along with the experimental data points. The dashed red line corresponds to a simulation of
the composite peak ratio of fast-exchanging MeTPP* using the rate of conformational interconversion determined via line
shape analysis. This figure was adapted from [86] with permission.
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TROSY-selected ZZ-exchange experiments were performed to quantify the inter-
conversion between the two states. As a result, nearly every resolved TROSY peak was
assigned to exchange pairs, suggesting a widespread conformational exchange in the
EmrE dimer (Figure 3C). The kinetics of conformational exchange was determined by
varying the mixing time and fitting the cross-peak build-up and auto-peak decay as a
function of time (Figure 3D). For TPP*-bound EmrE in isotropic bicelles at 45 °C, a global
conformational exchange with a rate constant of 4.8 4 0.5 s~! was defined, consistent
with the previously observed rate determined by fluorescent measurements. A similar
experiment conducted for various ligands showed that the rate of interconversion be-
tween the inward- and outward-facing states of EmrE varies significantly depending on
the substrate [87] (Figure 3E). Thus, the bound substrate seems to control the rate of this
critical step in the transport process. In addition, a cross-link that dramatically reduces
the conformational exchange of EmrE impairs ethidium efflux activity. The observation
directly confirms that the conformational exchange is vital for substrate transport [88].
Very recently, the structure of drug-bound EmrE in phospholipid bilayers was deter-
mined by 214 protein-substrate distances originating from '°F and 'H solid-state NMR
experiments using a fluorinated substrate, tetra(4-fluorophenyl) phosphonium (F4-TPP™).
The structure showed that F4-TPP* lies closer to the proton-binding residue E14 in one
subunit than the other subunit in the dimer, explaining the asymmetric protonation [89].
This structure and dynamics information of EmrE obtained by NMR would contribute to
the future design of inhibitors for the multidrug resistance systems.

5. Conclusions and Future Perspectives

As described here, the conformational dynamics in multi-spanning helical membrane
proteins quantitatively define their activity. Membrane proteins are under conforma-
tional equilibrium between different conformational states that are tightly associated
with distinctive functional states. The relative population of the different conformational
states can quantitatively predict the functionality of the membrane protein under certain
conditions. The exchange rates between the distinct conformational states described
by NMR can ultimately define the time scale of the cell response as exemplified for ion
channels and GPCRs. Since NMR can provide various methods that allow detecting and
quantifying protein dynamics on various timescales at a semi-atomic resolution [90,91],
the method is suitable to understand the functional mechanism of the multi-spanning
helical membrane proteins [44,92]. The multi-spanning helical membrane proteins are
still a challenging target for solution NMR studies, as the apparent molecular weight
of the detergent-solubilized and rHDL-embedded states often exceed 100 K. In addi-
tion, some of the proteins allow their overexpression only in insect or mammalian cells.
These expression systems are not suitable for perdeuteration; thus, conventional proton
detection experiments would not be practical. For those systems, low y detection exper-
iments, such as ’N-detected CRINEPT or FC-TROSY, that are less susceptible to large
molecular weight even in non-deuterated conditions would be of interest [93-95]. Further
developments of these strategies will fill the molecular weight gap between NMR and
other structure methods such as X-ray and Cryo-EM and allow the establishment of the
integrated structural biology for membrane proteins, in which NMR plays a pivotal role
in directly connecting the dynamics of protein to the function.
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Abstract: Amino acids with small side chains and motifs of small residues in a distance of four
are rather abundant in human single-span transmembrane helices. While interaction of such
helices appears to be common, the role of the small residues in mediating and/or stabilizing
transmembrane helix oligomers remains mostly elusive. Yet, the mere existence of (small)xxx(small)
motifs in transmembrane helices is frequently used to model dimeric TM helix structures. The single
transmembrane helix of the human carbonic anhydrases XII contains a large number of amino
acids with small side chains, and critical involvement of these small amino acids in dimerization of
the transmembrane domain has been suggested. Using the GALLEX assay, we show here that the
transmembrane domain indeed forms a strong transmembrane helix oligomer within a biological
membrane. However, single or multiple mutations of small residue(s) to isoleucine almost always
increased, rather than decreased, the interaction propensities. Reduction of helix flexibility and of
protein-lipid contacts caused by a reduced lipid accessible surface area likely results in stabilization
of helix-helix interactions within the membrane.

Keywords: carbonic anhydrase XII; GxxxG; transmembrane domain; helix-helix interaction; small
amino acids; interaction motif; interaction propensity; GALLEX

1. Introduction

While studied to a great extent in recent decades, the principles guiding folding of
a-helical membrane proteins and proper assembly on individual «-helices are still only
rudimentarily understood. The human GpA TM helix became a paradigm for studying
sequence specificity in TM helix oligomerization. The sequence LIxxGVxxGVxxT drives
the interaction of the GpA TM helix [1], and especially the motif of two Gly residues in a
distance of four (the GxxxG-motif) has been identified to be key for dimerization [1-3].
In an in vivo screen selecting sequences driving strong homo-dimerization of a random
library of TM helices, the GxxxG-motif also appeared [4], which indicated a more gen-
eralized importance of this motif in mediating TM helix interactions. In support of this,
statistical analyses have shown that this motif is highly overrepresented in TM helices [5].
Further studies have indicated that other residues with small side-chains (Ala, Ser, Cys)
can also mediate sequence-specific TM helix dimerization (discussed in [6,7]), and thus
the motif is better described as “(small)xxx(small)”.

Small residues in a distance of four allow two TM helices to come into close contact
enabling the formation of stabilizing Van der Waals interactions of neighboring residue
side-chains [6-9]. Furthermore, a close distance positions hydrogen-bond donors, i.e., the
side chains of Ser or Cys, in such a way that allows the formation of hydrogen bonds with
backbone carbonyl oxygens of the interacting helix [10]. In addition, the formation of
hydrogen bonds between the Gly Coc hydrogens and a backbone carbonyl oxygen of the
interacting helix may contribute to the formation and stability of a TM helix dimer [11,12].
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(Small)xxx(small) motifs typically stabilize right-handed helix dimer structures with an
average crossing angle of about —40° [13]. This dimerization motif can be extended by
other small residues to a (small)xxx(small)xx(small) “glycine zipper” motif [14]. These
intriguing observations have prompted many researchers in the past to search for such
motifs in their TM helix of interest, and the mere existence of such a motif was often used
as a predictor for TM helix interactions. Yet, not solely the motif but also the sequence
context is crucial for (small)xxxx(small)-mediated TM helix dimerization, which clearly is
important for ensuring the formation of proper TM helix dimers in cellular membranes
where multiple TM helices containing such motifs are present at a time. Yet, while two
interacting helices obviously have to have complementary surfaces, interaction might not
be pinned down to defined motifs consisting of small residues. In fact, the stability of a
GxxxG-mediated TM helix dimer is affected by surrounding residues [15-18], and the
involvement of other residues and motifs in sequence-specific dimerization of TM helices
has been described in past decades [19-26]. Yet, small residues are rather abundant in
human TM helices, especially in single-span TM helices, which even contain on average
at least one canonical GxxxG motif [7,27-30]. While the interaction of several single-span
TM helices has been analyzed to some extent and appears to be common, the role of the
(small)xxx(small) motifs and/or of small residues in mediating and/or stabilizing TM
helix dimers remains mostly elusive.

In the present study, we have used the human carbonic anhydrase (CA) XII TM helix
as a model to systematically study the impact of replacing small residues in a TM domain
on the in vivo interaction propensity of the TM segment. First, we show that the CA XII
TM domain does indeed have an intrinsic interaction propensity in vivo. Interaction of
the wt and mutated CA XII TM segment was analyzed using the GALLEX-system, a
bacterial two-hybrid system, allowing the analysis of TM helix-helix interactions within
a biological membrane [31,32]. While the CA XII TM domain forms a strong TM helix
dimer in a biological membrane, single or multiple mutations of small residue(s) to the
[3-branched amino acid Ile almost always led to increased interaction propensities. Thus,
small residues in the CA XII TM helix block, rather than mediate, TM helix dimerization
within a biological membrane. As discussed, this could be due to changes in helix
dynamics and/or a decrease of the lipid accessible surface area. Our study highlights that
TM helix dimerization and the structure of TM helix dimers should be predicted with
caution when mainly based on the mere existence of (small)xxx(small) motifs within the
TM domain.

2. Materials and Methods
2.1. Plasmid Construction

Synthetic oligonucleotide cassettes coding for the human CA XII TM domain were
ligated into a Nhel and BamHI restriction-digested pBLM plasmid [32], resulting in the
plasmid pBLMCAXIITM. Correct ligation was confirmed by DNA sequencing. Mutations
were introduced via the Quick Change site-directed mutagenesis kit (Agilent, Santa Clara,
CA, USA) following the supplier’s instructions using the pPBLMCAXIITM plasmid as a
template. Mutations were confirmed by sequencing.

2.2. GALLEX Assay

The GALLEX system was used to measure CA XII TM helix oligomerization as
described in detail elsewhere [31,32]. Briefly, the pPBLMCAXIITM construct and variants
were used to transform E. coli SU101 cells. Addition of 100 uM IPTG resulted in the
expression of a chimeric protein consisting of an N-terminal LexA DNA-binding domain
fused to the CA XII TM domain and the maltose-binding protein at the C-terminus. As
a mock control, we measured the empty pBLM plasmid in the GALLEX system. As
a positive control in the GALLEX assay, dimerization of the well-studied and strongly
interacting glycophorin A (GpA) TM domain was analyzed. As a negative control, the
weakly interacting G831 GpA-variant was assayed.
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Proper membrane insertion was tested for all expressed chimeric proteins by ex-
tracting soluble and membrane-attached proteins from isolated E. coli membranes with
0.1 M NaOH. Only proteins integrated within the membrane remain in the membrane
after this treatment. Membrane-integrated chimeric proteins were detected via Western
blot analysis using a maltose-binding protein-specific antibody (New England Biolabs,
Frankfurt, Germany).

Proper transmembrane orientation of the chimeric proteins was tested by plating
the maltose-binding protein-deficient E. coli strain NT326 [33], transformed with the
pBLMCAXIITM and control plasmids, on M9 minimal media agar plates. The plates
contained IPTG to induce recombinant protein expression, 100 pg/ml ampicillin as a
selection marker, and maltose as the only carbon source. Bacterial growth can only occur
if the maltose-binding protein is located within the periplasm and thus the chimeric
protein is inserted in the correct topology.

2.3. Software

A model of the human CA XII TM helix dimer was created using the PREDDIMER
server [34]. Sequences were aligned using the T-COFFEE algorithm [35] and carbonic
anhydrase sequences of different mammalian species were derived from the ExPASy
proteomic server [36]. The lipid accessible surface area was calculated with the GETAREA
program [37] using the previously generated CA XII TM domain model and energy-
minimized models of CA XII TM domain variants. In order to probe the lipid accessible
surface area, a probe radius of 1.88 A was chosen, which corresponds to the radius of a
methyl group and has been used for this purpose previously [38].

3. Results and Discussion

The mere existence of a (small)xxx(small) motif is often used to predict a dimeric
TM helix structure. For example, the structures of the soluble domains of the human CA
IX and XII have been solved in recent years, and the structures of the TM regions have
been modeled [39,40]. In tumors, these isoenzymes are overexpressed and contribute to
an elevated tumor progression by acidifying the surrounding extracellular space, leading
to elevated tissue penetration [41,42]. The human CA XII is a bitopic membrane protein
located in the plasma membrane of different tissues. While the crystal structure of the
CA XII extracellular domain has been solved [39], the structures of the short intracellular
domain-containing putative phosphorylation sites and of the TM domain are still elusive.
As the catalytically active domains are dimeric in solution, and the TM domains are
rich in small residues and contain (small)xxx(small) motifs, a dimeric TM helix structure
was assumed and modeled using the GpA dimer structure as a template [39], however,
without experimental proof. Actually, it is currently still unknown whether the CA XII
TM domain dimerizes at all in a biological membrane.

More than 40% of the amino acids within the predicted human CA XII TM do-
main have small side-chains (Figure 1C). The overall sequences of mammalian CA XII
TM domains are highly homologous, and small residues are well-conserved. The high
abundance of small amino acids potentially enables close packing of TM helices.

To study the CA XII TM helix interaction propensity in a biological membrane in
detail, we performed GALLEX measurements. The GALLEX system allows measuring
the interaction propensity of TM helices in vivo, within the E. coli inner membrane [32].
In the GALLEX system, a TM helix of interest (here, the CA XII TM helix) is genetically
fused at its N-terminus to the DNA-binding domain of the E. coli LexA protein and at
its C-terminus to the E. coli MalE protein, which facilitates membrane insertion. Only
a homo-dimeric LexA DNA-binding domain can bind to a promoter/operator region
located within the E. coli genome and thereby repress the activity of the lacZ reporter gene
(coding for 3-galactosidase). As dimerization of the DNA-binding domain is mediated
by interactions of the fused TM domains, the determined activity of the reporter directly
correlates with a given interaction propensity. Besides studying the interactions of CA XII
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TM helices, as controls, we also determined the interaction propensity of the well-studied
human GpA TM helix, which forms a highly stable TM helix dimer, as well as a GpA
G83I variant, which interacts rather weakly due to the mutation of a Gly residue, which
is critically involved in TM helix dimerization [1-3]. Noteworthily, while measured in
a bacterial membrane, GALLEX and related genetic systems, such as ToxR, TOXCAT,
and POSSYCCAT (or variations of these), have frequently been used in the past to study
interactions of human TM proteins, e.g., in [3,10,15-18,25,28,29,43]. Nevertheless, while
differences in a given interaction propensity caused by a mutation will likely be observed
in a non-native, yet biological, membrane environment, the actual interaction strength
might vary depending on the exact membrane lipid composition [6].
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Figure 1. Human CA XII TM helix-helix interaction. (A) When measured with the GALLEX
assay, the wild-type CA XII TM domain has a significant interaction propensity compared to the
strongly interacting TM domain of human GpA and the weakly interacting GpA variant G831
The interaction propensities are an average of three independent measurements and the standard
deviation is shown. (B) Identical amounts of isolated total membrane proteins of cells analyzed
in (A) were separated in an SDS gel, and the expressed amount of the Ca XII TM fusion protein
was tested via Western blot analyses using an antibody directed against the MalE protein. All
analyzed proteins were expressed at similar levels. (C) Sequence of the human CA XII TM region.
The TM regions as predicted by TMHMM are underlined. Small residues are highlighted in red.
Small residues at a distance of four are highlighted in bold. (D) Model of the human CA XII TM
domain dimer predicted by the PREDDIMER server. CPK representation of one TM domain with
highlighted and labeled small residues Gly299, Gly303, Ser307, Gly311, and Gly315. The interacting
helix is shown as a Cx wire.

The interaction propensity of the wt CA XII TM domain is less pronounced than
the interaction propensity of the strongly interacting GpA TM helix, yet significantly
stronger than the weakly interacting GpA G83I variant (Figure 1A). Thus, these data
demonstrate that the human CA XII TM domain has an intrinsic propensity to self-interact
within a biological membrane, which most likely contributes to the stability of the dimeric
full-length protein.

Putative structures of the human CA XII TM helix dimer have been predicted recently
using the program CATM [44]. Three prominent structures have been modeled, which
all have a crossing of —47° to —48°. In the top-scoring model, the residues Ala311 and
Gly315 are at the helix crossing point and thus are predicted to be key for dimerization.
While Models 2 and 3 differ slightly, in both models, the crossing point of the TM helices
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mainly involves the residues Gly299 and Gly303. When the structure of the putative CA
XII TM helix dimer was modeled using the program PREDDIMER [34], the top-scoring
model also predicted a right-handed helix dimer with a crossing angle of —45°. Yet,
interaction of the helices is mainly mediated /stabilized by the residues Gly303 and Ser307
(Figure 1D). Further dimeric (left- as well as right-handed) structures were also predicted,
where other small residues are involved in helix-helix interactions. However, essentially
none of the models agreed with the CATM predictions. With THOIPA (Transmembrane
Homodimer Interface Prediction Algorithm), which predicts interfacial residues from
evolutionary sequence data [45], the residues Gly299 and Gly303 are predicted to lay at
the helix-helix interface, in line with Models 2 and 3 predicted by CATM.

Actually, the small residues Gly299, Gly303, Ser307, Ala311, and Gly315 (highlighted
in Figure 1D) form a continuous groove along the CA XII TM helix. Packing of the bulkier
residues Leu302, Leu306, Leu310, and Leu314, which form a ridge on the adjacent helix,
into this groove might allow close packing of two helices, and diverse small residues
might be involved in the formation of different CA XII TM helix dimer structures, which
might be involved in regulation of the CA XII activity.

In order to further elucidate the function of the small residues forming the continuous
groove in the TM domain, we consecutively mutated the small residues highlighted in
Figure 2B to Ile. We anticipated that the replacement of small amino acids by the bulkier
Ile residue would disturb close packing interactions and thereby disrupt TM helix/helix
interactions, a strategy used several times before (e.g., [1,43,46]. Surprisingly, all mutations
of the selected small residues to Ile led to either no changes or to slightly increased
interaction propensities (Figure 2A), indicating that the voids or grooves formed by the
small residues are eventually not directly involved in TM helix dimerization. To further
analyze this, we subsequently mutated multiple small amino acids within the CA XII TM
domain in parallel and monitored the interaction tendencies of the variants. As shown
in Figure 2C, the interaction tendencies of the double and even triple mutants did not
decrease at all, yet a significant increase in the interaction propensities was observed for
all mutated TM sequences. Simultaneous mutations of the small amino acids at positions
299/303, 303/307, 307/311, or 311/315 resulted in a stronger interaction compared to
the wt or the single mutated TM helices (Figure 2C). Introducing three mutations in
parallel at positions 307/311/315 even resulted in an additional increase in the interaction
propensity. Solely the triple mutant 299/303/307 displayed a slightly reduced interaction
propensity in comparison to the respective double mutants. However, this triple mutant
still had a stronger interaction propensity than the wt TM helix. Together, these results
clearly demonstrate that, while the CA XII TM helix has an intrinsic propensity to self-
interact, the small amino acids appear to destabilize rather than stabilize an oligomeric
TM structure. Noteworthily, the expression level was controlled for all constructs, and the
concentration of the individual proteins within the E. coli inner membrane was similar
(Figures 1B and 2B,D). Furthermore, all proteins had the expected TM topology, with the
TM helix C-terminus facing the bacterial periplasm (Figure 2E,F).

The unexpected results of our measurements forced us to reevaluate our initial
assumption that the replacement of a small residue by Ile typically disrupts helix-helix
interactions. The presented observations indicate that the mutated residues are not a
critical part of a well-defined interaction interface, as their mutation does not hinder, but
rather increases, the interaction propensity of the CA XII TM domain in most cases. GxxxG
and GxxxG-like motifs are well-known to frequently mediate helix-helix interactions,
but it is also becoming increasingly apparent that there are a host of unknown modes of
helix-helix interactions (for a review, view [6,7,47]).
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Figure 2. GALLEX measurements of the human CA XII TM domain mutants. (A) Interaction tendencies of CA XII TM
variants carrying mutations of individual small amino acids to Ile. The position of the mutated amino acid is indicated
below each bar. All interaction propensities have been normalized to the wt (set as 1.0). The interaction propensities are an
average of three independent measurements, and the standard deviation is shown. (B) Identical amounts of isolated total
membrane proteins of cells analyzed in (A) were separated via SDS-PAGE, and the expressed amount of the CA XII TM
fusion protein was analyzed via Western blot analyses using an antibody directed against the MalE protein. All analyzed
proteins were expressed at similar levels in membranes. (C) GALLEX measurement of CA XII variants carrying mutations
of multiple small amino acids to Ile. All interaction propensities have been normalized to the wt (set as 1.0). The interaction
propensities are an average of three independent measurements, and the standard deviation is shown. (D) Identical amounts
of isolated total membrane proteins of cells analyzed in (C) were separated in an SDS gel, and the expressed amount of the
Ca XII TM fusion protein was analyzed via Western blot analyses using an antibody directed against the MalE protein. All
analyzed proteins were expressed at similar levels in membranes. (E, F) Maltose complementation assay to determine the
TM topology of the analyzed chimeric proteins. The correct topology of the analyzed chimeric proteins within the E. coli
membrane was tested using a maltose complementation assay. MalE-deficient E. coli NT326 cells carrying different plasmids
are able to grow on M9-agar plates containing glucose as the sole carbon source (E), but only grow on maltose plates (F) if
the construct is correctly oriented in the membrane and the MalE domain is located in the E. coli periplasm. The plates
contained 100 pug/ml ampicillin and a final concentration of 100 uM IPTG. On both plates, growth of NT326 cells, which
have not been transformed with a plasmid, is not seen. Cells containing the empty pBLM plasmid and cells carrying the

+

pMal-c2 plasmid (which leads to a cytoplasmic localization of the MalE domain) are unable to grow on maltose plates.

Growth of all used GALLEX constructs on maltose-only plates confirms membrane insertion and a correct TM orientation
of the CA XII TM domains.
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The TM domain of the human CA XII consists of more than 40% of amino acids with small side
chains, leading to the formation of a rather flexible TM helix structure. In fact, as for Gly-containing TM
helices, it has been shown that Gly increases the flexibility of a given TM helix [48] and thus weakens
the regular “stiff” helix geometry. In TM helices, the helical propensity of an amino acid correlates
with its side-chain hydrophobicity [49]. Replacing small residues with a low helical propensity in
membranes by Ile, a residue that severely promotes the formation of ideal TM «-helices [49], likely
reduces the flexibility and structural dynamics of the CA XII TM helix, shifting the monomer—dimer
equilibrium towards the dimer. Furthermore, intra-helical interactions between (3-branched amino
acids might additionally contribute to the overall stability of a TM helix [5,49]. Since the increase in
the interaction propensity caused by the introduction of 3-branched residues seems to depend on the
distance to other such residues, the increase in interaction propensity of single Ile mutants should also
depend on the sequence context with respect to the presence of other 3-branched side chains. Indeed,
the interaction propensity of the CA XII variant having a single mutation to Ile at position 303 is slightly
increased. Interestingly, in the immediate vicinity of residue 303, two Ile are located at positions 304
and 305, and 11e303 might interact with the neighboring side chains. A far more pronounced increase in
the interaction propensity was observed when Ile was introduced at position 315, and in the distance
of four, a Val residue is located at position 319. Intrahelical interactions of 3-branched side chains are
strongest in i, i + 4 and weaker in i, i + 3 [50]. The multiple mutations to Ile always led to a positioning
of Ile in the pattern i, i + 4. Here, a strong increase in the interaction propensity was always observed,
whereas single mutations to Ile at these positions are frequently without effect. Noteworthily, in the
present study, exclusively mutations to Ile were analyzed, and it is feasible to assume interactions
with other (3-branched side chains. Consequently, mutations to other amino acids can clearly have a
different effect on the observed interaction propensities.

In the case of the well-studied GpA TM helix dimer, the interaction propensity of the (mutated)
GpA TM helix was inversely related to the interfacial lipid accessibility of the GpA helix dimer [38].
Thus, we also analyzed a potential correlation of the apolar lipid accessible surface area of the analyzed
CA XII TM segments and the measured interaction propensities. Interactions between CA XII TM
helix side-chains and lipids might stabilize the structure of the monomeric TM helix, thereby inhibiting
the formation of TM helix dimers. In fact, a correlation between the lipid accessible surface area of
the TM helices analyzed in this study and the observed interaction propensity was found (Figure 3).
Successive introduction of Ile residues resulted in a less lipid-solvated TM helix, promoting helix-helix
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Figure 3. The lipid accessible apolar surface area correlates with the normalized interaction propensity of the
wild-type CA XII TM segment and its variants. A linear fit of the correlation is shown. (r2 = 0.75. The normalized
standard deviations of the three independent measurements from the GALLEX experiments are indicated. The
lipid accessible apolar surface area was calculated using the GETAREA program [37] and energy-minimized
modeled structures of the respective CA XII TM helix variant.

4. Conclusions

Our mutational analyses suggest that the numerous small amino acids are not critically involved
in the dimerization of the CA XII TM helix, but rather destabilize the oligomeric structure. Small
amino acid side chains might enhance the flexibility of the CA XII TM helix backbone, which has an
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impact on the lipid shell surrounding the helix. Introduction of Ile residues results in a less flexible
TM helix structure, which is less lipid solvated, and thus reduction of protein-lipid contacts and
of helix flexibility likely promotes interactions of the CA XII TM helix. Future studies to analyze
the impact of small residues and small-xxx-small motives, especially with single-span human TM
helices that contain multiple small residues and even contain on average at least one canonical GxxxG
motif [7,27-30], will further enhance our knowledge of the role of small residues in TM helix association.
Nevertheless, the mere existence and evolutionary conservation of (multiple) small residues and/or of
(small)xxx(small) motifs in TM helices is probably not a good predictor for assuming GpA-like TM
helix-helix interactions, and structural modeling using such motifs as the key predictor likely falls too
short.

Author Contributions: Conceptualization, F.C. and D.S.; methodology, F.C.; validation, E.C. and D.S.; formal anal-
ysis, EC. and D.S.; investigation, E.C.; resources, D.S.; data curation, F.C.; writing—original draft preparation, E.C.
and D.S.; writing—review and editing, D.S.; visualization, EC. and D.S.; supervision, D.S.; project administration,
D.S.; funding acquisition, D.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Deutsche Forschungsgemeinschaft (SCHN 690/2-3) and by
DynaMem (state of Rhineland-Palatinate).

Data Availability Statement: The data that support the findings of this study are available on re-quest.
Acknowledgments: We thank Hildegard Pearson for critically reading the manuscript.

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

References

1.  Lemmon, M.A ; Flanagan, ] M.; Treutlein, H.R.; Zhang, J.; Engelman, D.M. Sequence specificity in the dimerization of transmem-
brane alpha-helices. Biochemistry 1992, 31, 12719-12725. [CrossRef]

2. MacKenzie, K.R; Prestegard, ].H.; Engelman, D.M. A transmembrane helix dimer: Structure and implications. Science 1997, 276,
131-133. [CrossRef]

3. Brosig, B.; Langosch, D. The dimerization motif of the glycophorin a transmembrane segment in membranes: Importance of
glycine residues. Protein. Sci. 1998, 7, 1052-1056. [CrossRef] [PubMed]

4. Russ, W.P; Engelman, D.M. The GxxxG motif: A framework for transmembrane helix-helix association. J. Mol. Biol. 2000, 296,
911-919. [CrossRef] [PubMed]

5. Senes, A.; Gerstein, M.; Engelman, D.M. Statistical analysis of amino acid patterns in transmembrane helices: The GxxxG motif
occurs frequently and in association with beta-branched residues at neighboring positions. J. Mol. Biol. 2000, 296, 921-936.
[CrossRef] [PubMed]

6. Cymer, F; Veerappan, A.; Schneider, D. Transmembrane helix-helix interactions are modulated by the sequence context and by
lipid bilayer properties. Biochim. Biophys. Acta 2012, 1818, 963-973. [CrossRef]

7. Teese, M.G.; Langosch, D. Role of GxxxG Motifs in Transmembrane Domain Interactions. Biochemistry 2015, 54, 5125-5135.
[CrossRef]

8.  Schneider, D. Rendezvous in a membrane: Close packing, hydrogen bonding, and the formation of transmembrane helix
oligomers. FEBS Lett. 2004, 577, 5-8. [CrossRef]

9.  Senes, A.; Engel, D.E.; DeGrado, W.E. Folding of helical membrane proteins: The role of polar, GxxxG-like and proline motifs.
Curr. Opin. Struct. Biol. 2004, 14, 465-479. [CrossRef]

10.  Schneider, D.; Engelman, D.M. Motifs of Two Small Residues can ASSIST but are not sufficient to Mediate Transmembrane Helix
Interactions. J. Mol. Biol. 2004, 343, 799-804. [CrossRef]

11.  Senes, A.; Ubarretxena-Belandia, I.; Engelman, D.M. The Calpha—H...O hydrogen bond: A determinant of stability and specificity
in transmembrane helix interactions. Proc. Natl. Acad. Sci. USA 2001, 98, 9056-9061. [CrossRef] [PubMed]

12.  Arbely, E.; Arkin, L.T. Experimental measurement of the strength of a C alpha—H...O bond in a lipid bilayer. J. Am. Chem. Soc.
2004, 126, 5362-5363. [CrossRef]

13.  Walters, R.ES.; DeGrado, W.E. Helix-packing motifs in membrane proteins. Proc. Natl. Acad. Sci. USA 2006, 103, 13658-13663.
[CrossRef] [PubMed]

14. Kim, S, Jeon, T.J.; Oberai, A.; Yang, D.; Schmidyt, ].J.; Bowie, ].U. Transmembrane glycine zippers: Physiological and pathological
roles in membrane proteins. Proc. Natl. Acad. Sci. USA 2005, 102, 14278-14283. [CrossRef]

15. Herrmann, J.R; Fuchs, A.; Panitz, ].C.; Eckert, T.; Unterreitmeier, S.; Frishman, D.; Langosch, D. Ionic Interactions Promote
Transmembrane Helix-Helix Association Depending on Sequence Context. . Mol. Biol. 2010, 396, 452-461. [CrossRef]

16. Herrmann, J.R.; Panitz, ].C.; Unterreitmeier, S.; Fuchs, A.; Frishman, D.; Langosch, D. Complex Patterns of Histidine, Hydroxylated

Amino Acids and the GxxxG Motif Mediate High-affinity Transmembrane Domain Interactions. J. Mol. Biol. 2008, 385, 912-923.
[CrossRef] [PubMed]

181



Membranes 2021, 11, 512

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Unterreitmeier, S.; Fuchs, A.; Schaffler, T.; Heym, R.G.; Frishman, D.; Langosch, D. Phenylalanine promotes interaction of
transmembrane domains via GxxxG motifs. |. Mol. Biol. 2007, 374, 705-718. [CrossRef]

Melnyk, R.A.; Kim, S.; Curran, A.R.; Engelman, D.M.; Bowie, ].U.; Deber, C.M. The affinity of GXXXG motifs in transmembrane
helix-helix interactions is modulated by long-range communication. J. Biol. Chem. 2004, 279, 16591-16597. [CrossRef]

Gurezka, R.; Langosch, D. In vitro selection of membrane-spanning leucine zipper protein-protein interaction motifs using
POSSYCCAT. J. Biol. Chem. 2001, 276, 45580-45587. [CrossRef]

Dawson, J.P; Weinger, ].S.; Engelman, D.M. Motifs of serine and threonine can drive association of transmembrane helices. J. Mol.
Biol. 2002, 316, 799-805. [CrossRef]

Zhou, EX.; Merianos, H.J.; Brunger, A.T.; Engelman, D.M. Polar residues drive association of polyleucine transmembrane helices.
Proc. Natl. Acad. Sci. USA 2001, 98, 2250-2255. [CrossRef] [PubMed]

Gratkowski, H.; Lear, ].D.; De Grado, W.F. Polar side chains drive the association of model transmembrane peptides. Proc. Natl.
Acad. Sci. USA 2001, 98, 880-885. [CrossRef]| [PubMed]

Johnson, R.M.; Hecht, K.; Deber, C.M. Aromatic and cation-pi interactions enhance helix-helix association in a membrane
environment. Biochemistry 2007, 46, 9208-9214. [CrossRef] [PubMed]

Sal-Man, N.; Gerber, D.; Bloch, I.; Shai, Y. Specificity in transmembrane helix-helix interactions mediated by aromatic residues.
J. Biol. Chem. 2007, 282, 19753-19761. [CrossRef]

Sal-Man, N.; Gerber, D.; Shai, Y. The composition rather than position of polar residues (QxxS) drives aspartate receptor
transmembrane domain dimerization in vivo. Biochemistry 2004, 43, 2309-2313. [CrossRef]

Steindorf, D.; Schneider, D. In vivo selection of heterotypically interacting transmembrane helices: Complementary helix surfaces,
rather than conserved interaction motifs, drive formation of transmembrane hetero-dimers. Biochim. Et Biophys. Acta Biomembr.
2017, 1859, 245-256. [CrossRef]

Hubert, P.; Sawma, P.; Duneau, J.-P.; Khao, J.; Henin, ]J.; Bagnard, D.; Sturgis, ]. Single-spanning transmembrane domains in cell
growth and cell-cell interactions. Cell Adhes. Migr. 2010, 4, 313-324. [CrossRef]

Kirrbach, J.; Krugliak, M.; Ried, C.L.; Pagel, P; Arkin, L.T.; Langosch, D. Self-interaction of transmembrane helices representing
pre-clusters from the human single-span membrane proteins. Bioinformatics 2013, 29, 1623-1630. [CrossRef]

Ried, C.L.; Kube, S.; Kirrbach, J.; Langosch, D. Homotypic interaction and amino acid distribution of unilaterally conserved
transmembrane helices. J. Mol. Biol. 2012, 420, 251-257. [CrossRef]

Langosch, D.; Arkin, L.T. Interaction and conformational dynamics of membrane-spanning protein helices. Protein Sci. 2009, 18,
1343-1358. [CrossRef]

Cymer, F; Sanders, C.R.; Schneider, D. Analyzing oligomerization of individual transmembrane helices and of entire membrane
proteins in E. coli: A hitchhiker’s guide to GALLEX. Methods Mol. Biol. 2013, 932, 259-276. [PubMed]

Schneider, D.; Engelman, D.M. GALLEX, a Measurement of Heterologous Association of Transmembrane Helices in a Biological
Membrane. J. Biol. Chem. 2003, 278, 3105-3111. [CrossRef] [PubMed]

Treptow, N.A.; Shuman, H.A. Genetic evidence for substrate and periplasmic-binding-protein recognition by the MalF and MalG
proteins, cytoplasmic membrane components of the Escherichia coli maltose transport system. J. Bacteriol. 1985, 163, 654—660.
[CrossRef] [PubMed]

Polyansky, A.A.; Chugunov, A.O.; Volynsky, PE.; Krylov, N.A.; Nolde, D.E.; Efremov, R.G. PREDDIMER: A web server for
prediction of transmembrane helical dimers. Bioinformatics 2014, 30, 889-890. [CrossRef]

Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol.
Biol. 2000, 302, 205-217. [CrossRef]

Gasteiger, E.; Gattiker, A.; Hoogland, C.; Ivanyi, I.; Appel, R.D.; Bairoch, A. ExXPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res. 2003, 31, 3784-3788. [CrossRef]

Fraczkiewicz, R.; Braun, W. Exact and efficient analytical calculation of the accessible surface areas and their gradients for
macromolecules. J. Comp. Chem. 1998, 19, 319-333. [CrossRef]

Cunningham, F,; Poulsen, B.E.; Ip, W.; Deber, C.M. Beta-branched residues adjacent to GG4 motifs promote the efficient association
of glycophorin A transmembrane helices. Biopolymers 2011, 96, 340-347. [CrossRef]

Whittington, D.A.; Waheed, A.; Ulmasov, B.; Shah, G.N.; Grubb, ].H.; Sly, W.S.; Christianson, D.W. Crystal structure of the dimeric
extracellular domain of human carbonic anhydrase XII, a bitopic membrane protein overexpressed in certain cancer tumor cells.
Proc. Natl. Acad. Sci. USA 2001, 98, 9545-9550. [CrossRef]

Alterio, V.; Hilvo, M.; di Fiore, A.; Supuran, C.T.; Pan, P; Parkkila, S.; Scaloni, A.; Pastorek, J.; Pastorekova, S.; Pedone, C.; et al.
Crystal structure of the catalytic domain of the tumor-associated human carbonic anhydrase IX. Proc. Natl. Acad. Sci. USA 2009,
106, 16233-16238. [CrossRef]

Benej, M.; Pastorekova, S.; Pastorek, J. Carbonic anhydrase IX: Regulation and role in cancer. Subcell Biochem. 2014, 75, 199-219.
[PubMed]

Waheed, A.; Sly, W.S. Carbonic anhydrase XII functions in health and disease. Gene 2017, 623, 33—40. [CrossRef]

Escher, C.; Cymer, F; Schneider, D. Two GxxxG-like motifs facilitate promiscuous interactions of the human ErbB transmembrane
domains. J. Mol. Biol. 2009, 389, 10-16. [CrossRef]

Anderson, S.M.; Mueller, B.K.; Lange, E.J.; Senes, A. Combination of Calpha-H Hydrogen Bonds and van der Waals Packing
Modulates the Stability of GxxxG-Mediated Dimers in Membranes. |. Am. Chem. Soc. 2017, 139, 15774-15783. [CrossRef]

182



Membranes 2021, 11, 512

45.

46.

47.

48.

49.

50.

Xiao, Y.; Zeng, B.; Berner, N.; Frishman, D.; Langosch, D.; Teese, M.G. Experimental determination and data-driven prediction of
homotypic transmembrane domain interfaces. Comput. Struct. Biotechnol. ]. 2020, 18, 3230-3242. [CrossRef]

MacKenzie, K.R.; Engelman, D.M. Structure-based prediction of the stability of transmembrane helix-helix interactions: The
sequence dependence of glycophorin a dimerization. Proc. Natl. Acad. Sci. USA 1998, 95, 3583-3590. [CrossRef] [PubMed]

Li, E.; Wimley, W.C.; Hristova, K. Transmembrane helix dimerization: Beyond the search for sequence motifs. Biochim. Biophys.
Acta 2012, 1818, 183-193. [CrossRef]

Hogel, P; Gotz, A.; Kuhne, E; Ebert, M.; Stelzer, W.; Rand, K.D.; Scharnag]l, C.; Langosch, D. Glycine Perturbs Local and Global
Conformational Flexibility of a Transmembrane Helix. Biochemistry 2018, 57, 1326-1337. [CrossRef] [PubMed]

Li, S.C.; Deber, C.M. A measure of helical propensity for amino acids in membrane environments. Nat. Struct. Biol. 1994, 1, 558.
[CrossRef]

Padmanabhan, S.; Baldwin, R.L. Tests for helix-stabilizing interactions between various nonpolar side chains in alanine-based
peptides. Protein. Sci. 1994, 3, 1992-1997. [CrossRef]

183






MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

MDPI Books Editorial Office
E-mail: books@mdpi.com
www.mdpi.com/books

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Editors. The publisher is not responsible for their content or any associated concerns. The statements,
opinions and data contained in all individual articles are solely those of the individual Editors and
contributors and not of MDPIL. MDPI disclaims responsibility for any injury to people or property

resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

¢ mdpi.com ISBN 978-3-7258-8010-2



