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Abstract: Membrane proteins are essential for the survival of living organisms. They are involved
in important biological functions including transportation of ions and molecules across the cell
membrane and triggering the signaling pathways. They are targets of more than half of the modern
medical drugs. Despite their biological significance, information about the structural dynamics of
membrane proteins is lagging when compared to that of globular proteins. The major challenges
with these systems are low expression yields and lack of appropriate solubilizing medium required
for biophysical techniques. Electron paramagnetic resonance (EPR) spectroscopy coupled with
site directed spin labeling (SDSL) is a rapidly growing powerful biophysical technique that can
be used to obtain pertinent structural and dynamic information on membrane proteins. In this
brief review, we will focus on the overview of the widely used EPR approaches and their emerging
applications to answer structural and conformational dynamics related questions on important
membrane protein systems.

Keywords: embrane protein; electron paramagnetic resonance (EPR); site-directed spin labeling
(SDSL); double electron electron resonance (DEER); structural topology and dynamics

1. Membrane Proteins

Membrane proteins are very important biological systems responsible for biological
functions vital to the survival of living organisms [1,2]. Membrane proteins represent tar-
gets of more than 50% of modern medical drugs. They represent one third of total protein
found in the living organism. Membrane proteins associate with membrane bilayers in
the form of single pass transmembrane, multi pass transmembrane, lipid chain-anchored,
glycosylphosphatidylinositol (GPI) anchored, and membrane peripheral proteins [3]. Mu-
tations or misfolding of membrane proteins are linked to several human health related
issues. Understanding of intermolecular interactions, protein functions, and regulations
requires detail studies of structural and dynamic properties of membrane proteins [4—6].
Despite the clear biological importance of membrane proteins, in-depth information about
these systems are inadequate [7,8]. Membrane proteins make up less than 1% of the known
protein structures [9]. In recent years, great efforts have been made in structural biology
to investigate membrane protein structures [10]. The challenges in studying membrane
proteins arise due to their hydrophobic behavior that causes low protein expression yield,
and the requirement of membrane solubilization limiting the application of several differ-
ent biophysical techniques [6,11]. Membrane proteins are reconstituted into lipid bilayers
in various different manners or orientations. The helical regions buried in the membrane
bilayers can have different length or it can be curved in the middle of the membrane
bilayers. They may cross the membrane at different angles, or form re-entrant loops or
stay flat on the membrane surface. This may cause certain membrane protein segments
to be very flexible while other sections more stable in specific conditions [3]. Our current
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understanding of structure and conformational dynamics of membrane proteins is lacking
behind when compared to that of globular proteins.

In order to understand the structural and functional relationships of membrane pro-
teins, it is important to study membrane proteins in a native membrane environment.
There are several membrane mimetic systems available for the solubilization of membrane
proteins for biophysical studies. However, no membrane mimetic systems are universally
compatible to all membrane proteins requiring rigorous time-consuming optimization
processes for their incorporation in a suitable membrane environment. Currently available
and widely used membrane mimetic systems are detergent micelles, bicelles, liposomes,
lipodiscs, and lipodisq nanoparticles/SMALPs (styrene maleic acid lipid particles) [12-16].
These membrane mimetic systems have their own benefits and limitations.

Detergent micelles are commonly utilized to isolate and solubilize membrane proteins
from cell membranes for their structural characterization using biophysical approaches.
Due to the high curvature and varying lateral pressure profile of micelle systems, it is very
challenging to verify whether the biophysical characterization data obtained for protein-
detergent micelle systems represent the biologically relevant state. Bicelles are created
by mixing long chain lipid and a short chain detergent to form artificial lipid bilayers.
The requirement of specific types of lipid and detergent combination to form bicelles can
restrict its application to several membrane proteins for biophysical studies.

Liposomes are aggregates of lipid molecules in aqueous solution forming a large
spherical bilayer that can retain the native membrane environment for biophysical studies
of membrane proteins. However, their larger size and heterogeneous sample nature
make them difficult to study with certain biophysical approaches including solution NMR
spectroscopy [9]. In addition, it is also challenging to concentrate proteins into liposomes
leading to poor signal-to-noise in biophysical measurements [10]. The use of nanodisc
as membrane mimetic systems has been very popular recently in biophysical studies
of membrane protein with the benefit of no restriction on the types of lipids that can
be used [17-19]. This system utilizes membrane scaffold protein as a solubilizing unit
which may potentially affect the optical studies of the target protein. Recently, a new
membrane mimetic system known as lipodisq nanoparticles or styrene maleic acid lipid
nanoparticles (SMALPs) have been developed with a great potential as a better membrane
mimetic system when compared to traditional membrane model systems [11,15,16,20-32].
Lipodisq nanoparticles are composed of 3:1 styrene maleic acid (SMA) copolymer and
phospholipids. This is highly desirable because the structural and functional properties
can be maintained which is not common for traditional membrane mimetics. Additionally,
lipodisq nanoparticles are easy to prepare in detergent free environment and suitable
for several biophysical approaches including NMR and EPR spectroscopic techniques.
Figure 1 shows an illustrative example of the incorporation of membrane protein human
voltage sensing domain of KCNQ1 (KCNQ1-VSD) (PDB ID: 6MIE) in detergent micelles
and lipid bilayers.

Figure 1. Cartoon representation of an example of the membrane protein human KCNQI1 voltage sensing domain (KCNQ1-
VSD) (PDB ID: 6MIE) incorporated into detergent micelles (Dodecylphosphocholine (DPC)) (A), and lipid bilayers (1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)) (B). Image was prepared using visual molecular dynamics (VMD) [33]
and molecular modeling was performed using CHARMM-GUI (http:/ /www.charmm-gui.org, accessed on 18 December
2020) [34].
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2. Challenges and Recent Improvements Using Biophysical Techniques for Studying
Membrane Proteins

In recent years, great efforts have been made to develop technical and methodological
improvements in structural biology approaches for studying membrane proteins. However,
the challenges introduced in sample preparation of membrane proteins in suitable mem-
brane environments and their complex behavior in lipid bilayer membrane environments
severely limit the application of biophysical approaches for studying membrane pro-
teins [35—41]. X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy
are the two most successful and widely utilized biophysical techniques for obtaining struc-
tural data on protein systems. These biophysical techniques have their own pros and cons.
X-ray crystallography provides very well resolved structural data, but limited by in-depth
dynamic information [42]. Additionally, the hydrophobicity of membrane proteins also
hinders the crystal formation process, causing difficulties for studying many membrane
proteins by X-ray crystallographic techniques [43]. NMR spectroscopy can be also used to
obtain data related to dynamic information for a numerous biological systems. Solution
NMR spectroscopic methods can be used to probe the structural properties in membrane
mimetic environments, however, this approach is limited by the size of the membrane
protein (restricted to <~50 kD) [44—46]. In addition, the size of the micelle complex and the
wider spectral linewidth, and spectral overlapping also introduce challenges in NMR struc-
tural studies of several membrane proteins [35,39]. These techniques require a large amount
of highly pure and properly folded membrane protein samples to obtain high resolution
structural data limiting their application for several membrane protein systems [47,48].
Other biophysical techniques like Forster resonance energy transfer (FRET) can be used to
monitor the conformational changes of individual membrane protein systems. However,
due to the requirement of relatively larger probe sizes, this technique may cause higher
structural perturbation. Furthermore, the site-specific incorporation of the FRET probe
throughout the sequence can be challenging [18]. Recently, cryogenic electron microscopy
(Cryo-EM) has been developed as a powerful biophysical technique for probing three-
dimensional structures of biological systems at near-atomic resolutions due to technical
improvements and instrumentation [49-52]. Cryo-EM requires much smaller amount of
samples and doesn’t need protein crystallization and hence, can be applied to a variety of
membrane protein samples with a wide range of molecular weights that overcomes the
challenges associated with X-ray crystallography and NMR spectroscopy [49]. Despite the
great benefit of this technique, there are protein size restrictions (<~50 kDa) [53]. Electron
paramagnetic resonance (EPR) spectroscopy has evolved as a highly growing powerful
biophysical technique to resolve these challenges and provide prominent solutions to
obtain structural and dynamic information on peptides, proteins, macromolecules, and
nucleic acids [5,6,54-62].

3. Site Directed Spin Labeling (SDSL) Approaches for EPR Spectroscopy

EPR spectroscopy is a magnetic resonance technique that detects materials that con-
tain an unpaired electron. In the presence of an external magnetic field, EPR measures
interactions of microwave radiation with the energy splitting of the unpaired electron. EPR
spectroscopy works on the principle similar to that of nuclear magnetic resonance (NMR)
spectroscopy. The difference is that NMR detects the coupling of NMR-active nuclei of the
individual atom with an external magnetic field opposed to the detection of the coupling of
unpaired electron with an external magnetic field in the species by EPR. Due to the involve-
ment of the unpaired electron in the spin probe, this technique is very sensitive and can
provide up to three orders of magnitude higher sensitivity when compared to nuclear mag-
netic resonance (NMR) spectroscopic techniques [57]. EPR techniques are complementary
to NMR for studying bio-macromolecules. In a continuous wave (CW)-EPR experiment, an
external magnetic field is varied at a fixed electromagnetic radiation (microwave) frequency
until the EPR transition occurs at the resonance condition when the constant microwave
energy matches with the energy associated with the separation between the two electron
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spin states [63]. The magnetic field is additionally modulated to improve the signal to noise
of the EPR signal leading to a derivative lineshape spectrum typically observed in most
CW-EPR experiments. Details of theory behind CW- EPR spectroscopic methods can be
found in the literature [63-65]. EPR spectroscopy can solve several biologically important
problems that are very difficult to be studied by conventional biophysical techniques. These
include structural and dynamic information for protein systems in solution and membrane
bound states [5,55,60,66].

Site-directed spin labeling (SDSL) is a molecular biology approach in which para-
magnetic spin labels are incorporated into the specific site of bio-macromolecules. This
technique was developed by Hubbell and co-workers more than three decades back [67-69].
In the early history, the lack of the unpaired electrons in most biological systems hindered
the application of EPR techniques to limited bio-macromolecules such as metalloproteins
containing paramagnetic centers and enzymes with radicals. The development of SDSL
approaches helped quickly expand the application of EPR to almost any biological systems.
In SDSL, all native nondisulfide-bonded cysteines are removed by switching them with
another amino acid such as serine or an alanine. A unique cysteine residue is then incorpo-
rated into a recombinant protein using site-directed mutagenesis technique, followed by a
reaction with sulfhydryl-specific nitroxide reagent to covalently generate a stable spin label
side-chain [59,70,71]. Nitroxide spin labels have conformational flexibility with the label
scaffold, and the linker between the scaffold and the backbone of the protein. The nitroxide
spin labels are kinetically or sterically stabilized by carbon centers in the x-position to
the nitrogen atom with alkyl substituents (i.e., methyl, ethyl or higher alkyl substituents)
against the reduction of nitroxides [72,73]. Detailed scheme of nitroxide spin labels with
different alkyl substituents can be found in the recent literature [73-75]. However, larger
spin labels still have an increased potential to perturb the structure of the labeled protein.
It is critical to optimize the introduction of the nitroxide spin labels during the sample
preparation to obtain a stable spin label side chain with minimal structural-functional
perturbations on the protein of interest. The most commonly used nitroxide based spin
label for studying structural dynamics of membrane proteins is methanethiosulfonate
spin label (MTSL). Recently, a more restricted bifunctional spin label (BSL) has been uti-
lized to perform EPR studies of membrane proteins and peptides [11,76-79]. A chemical
structure of MTSL and BSL, and an illustrative example of the reaction of MTSL and BSL
with the cysteine residues of the protein and resulting spin label side-chains are shown in
Figure 2. Details of nitroxide spin labels utilized for site-directed spin labeling EPR study
of bio-macromolecules can be found in the literature [72,80].

For typical SDSL experiments on membrane proteins, a 10-20 molar excess of MTSL
is mixed with membrane protein samples containing cysteine residue at the site specific
location solubilized in the appropriate buffer and pH containing detergent micelles [81].
The reaction is carried out at room temperature or 4 °C for overnight or 24 h depending on
the stability of the protein. The non-bonded free spin labels are removed using standard
dialysis, or passing through a PD-10 desalting column or size exclusion or ion chromato-
graphic techniques. The spin labeling efficiency is usually determined by comparing
protein concentration with the spin label concentration obtained from CW-EPR spectral
intensity and analyzing mass spectroscopy data [82]. The optimum spin labeling efficiency
is very important to achieve superior EPR data quality.

CW-EPR spectroscopy of spin-labeled macromolecules can provide structural dynam-
ics of nitroxide side-chain, solvent accessibility, solvent polarity, and intra- or intermolecular
distances between two nitroxides [5,6,41,59,72,83]. The EPR spectral lineshape analysis of
the series of spin-labeled protein sequences can be used to probe the secondary structural
information of the protein systems [41,84-87].
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Figure 2. (A) A chemical structure of MTSL (methanethiosulfonate spin label) and BSL (bifunctional spin label).
(B) Cartoon representation of the structure of MTSL and the resulting side-chain produced by reaction with a cysteine
residue (L134C) and (C) the structure of BSL (bifunctional spin label) and the resulting side-chain produced by reaction with
cysteine residues (L134C and I138C) on a KCNQ1-VSD membrane protein. The incorporation of MTSL and BSL spin labels
on KCNQ1-VSD (PDB ID:6MIE) was obtained using Charmm-GUI (http:/ /www.charmm-gui.org, accessed on 6 March
2021) [34]. The cartoon structure of the MTSL-labeled and BSL-labeled KCNQ1-VSD was rendered using visual molecular
dynamics (VMD) [33].
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Distance measurements obtained by using double SDSL EPR spectroscopy is very
popular and a rapidly growing structural biology technique to probe secondary, tertiary
and quaternary structures of bio-macromolecules [41,72,88-90]. Distances and distance
distribution can be also utilized to obtain conformational rearrangements or complex for-
mation of membrane proteins. The relative orientations between interacting spin labels on
the protein can be obtained by using dual SDSL EPR techniques [91,92]. The measurement
of magnetic dipolar interactions between two spin labels is analyzed to determine distance
between spin labels. The energy of the magnetic dipolar interaction is inversely related to
the cube of the distance (1) between two spin labels attached on the protein system. The
magnetic dipolar interaction significantly broadens the CW-EPR spectral lineshape if the
distance is less than 20 A. The strength of the dipolar interaction is calculated qualitatively
from the degree of line broadening using a variety of lineshape analysis techniques to
obtain distance information [88,91,93-97].

A distance range of 20-80 A can be measured by using pulsed double electron electron
resonance (DEER) spectroscopy [98]. For DEER experiments, the dipolar coupling between
two spins can be measured by observing one set of spins when another set of spins are
excited with a second microwave frequency. This leads to a determination of the distance
between these two spin labels [98-100]. In DEER, intramolecular dipolar interaction
modulates the spin echo decay of one set of spin labels with another set of spin labels on
the same protein molecule and/or same set of spins or another set of spins on a separate
molecule. The oscillating echo periodicity during the former process directly relates the
average distance and distance distribution, while later process is an exponential decay
which diminishes the oscillation, which is known as the background. The background
contribution is removed from the echo decay during the data analysis providing distance
distribution accounted by the weighted average distance and a standard deviation. There
are several data analysis program freely available including the DeerAnalysis program
developed by Jeschke et al. to obtain distance and related information from experimental
DEER data [101]. Recently, DEERLab is a new program established for data analysis using
Python [102]. A new method based on Deep neural network processing of DEER data has
been developed by Worswick et al. and has been incorporated as options into Spinach and
DeerAnalysis packages [103].

Nitroxide spin labeling based SDSL DEER spectroscopy is a widely used biophysical
technique for studying secondary, tertiary and quaternary structures, and conformational
dynamics of a numerous membrane proteins [6,11,32,41,83,98,104-110]. However, other
spin labels including functionalized chelators of paramagnetic lanthanides (Gd™"!), carbon-
based radicals ((trityl), and metals such as copper (Cu™") have been recently applied for
DEER experiments for studying membrane proteins [111-116]. A special care should
be taken while choosing specific spin labels and spin labeling sites on membrane pro-
teins because some non-nitroxide spin labels are bulkier such as Gd-based and trityl
labels than nitrixide spin labels which can cause perturbation in protein structure and
function [111-114,117]. Earlier studies have suggested that there is no significant per-
turbation on the structure and/or function of the protein due to nitroxide spin labeling
on membrane proteins [6,118-120]. However, spin labeling at particular sites of some of
membrane proteins may cause significant structural and functional perturbation and poor
expression yield, and hence a care should be taken during the experimental design of
nitroxide spin labeling sites for double spin labeling experiments. Details of the theory
and pulse sequences behind DEER measurements can be found in following excellent
references [41,99,107,121].

4. Application of EPR Coupled with SDSL for Investigation of Membrane Proteins
EPR spectroscopy coupled with SDSL has been extensively utilized to study membrane

proteins. This is a very broad topic. In the following sections, we will discuss this topic in

an introductory manner with emerging examples to answer pertinent structural dynamics
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related questions on membrane proteins. We refer the following excellent reviews for detail
information [5,6,41,61,66,72,90,122].

4.1. Structural Topology and Dynamic Properties of Membrane Proteins

EPR spectral lineshape is highly sensitive to the motion of the spin label side-chain
of the protein. The dynamic properties of the nitroxide based spin labeled side-chain of
protein molecules can be determined by analyzing the CW-EPR spectra [5]. The flexibility of
the MTSL nitroxide spin label is also affected by the side-chain motion of the neighboring
amino acid and secondary structure components in its immediate surroundings. The
lineshape of the EPR spectrum represents the mobility of the spin label side-chain of the
protein induced by its local structure and solvent environment. The CW-EPR spectrum
lowers to three isotropic peaks for the rapidly moving spin labels in aqueous solution.
When the spin label motion is very slow or motionless, the CW-EPR spectrum is known to
be in the rigid limit regime [123]. In the case of a frozen sample in the rigid limit regime,
the full orientation dependent EPR parameters can be observed. If the spin label side-
chain motion of the protein lies in between isotropic and rigid limit regime, a rotational
correlation time (T.) can be determined from the EPR spectra [123]. The overall mobility of
the protein containing nitroxide spin label side-chain is the superposition of contributions
from the motion of spin labels relative to the protein backbone, fluctuations of the x-carbon
backbone, and the rotational motion of the entire protein. These motions can be isolated
from the EPR spectrum by employing different experimental conditions. A relative mobility
of the spin label side-chain can be determined by calculating the inverse central linewidth
of the EPR spectrum [5,78,81,83]. The binding properties of the protein/peptide and
membranes can be obtained by calculating the changes in the spin-label mobility [122,124].
The isotropic EPR spectrum of a spin-labeled peptide or small protein rapidly tumbling in
a aqueous solvent has the rotational correlation time of approximately <1 ns. However,
spin labeled peptides/proteins experience restricted motion in a lipid membrane system
resulting a broader EPR spectrum with two motional components developed from the
superposition of the signals arising from a free and bound peptides [28,81,122,125,126].
The more quantitative information about the spin label side-chain motion of membrane
proteins can be determined by using spectral simulation methods such as Easyspin, and
non-linear least squares (NLSL) [58,66,67]. EPR power saturation technique in association
with site-directed spin labeling can be used to study the topology of the protein with
respect to the lipid bilayer membrane [6,28,126,127].

Structural dynamic properties and topology of several biologically important pro-
tein systems have been investigated using SDSL EPR spectroscopic techniques. Some of
the important systems include Escherichia coli ferric citrate transporter FecA, GM2 acti-
vator protein, pentameric ligand-gated ion channels (pLGICs), ABC cassette transporter
MsbA, cytochrome C oxidase subunit IV (COX 1V), the prokaryotic potassium channel
KesA, KCNE1, KCNQI1-voltage sensing domain (VSD), lactose permease protein, integrin
B1a, functional amyloid Obr2A, C99 domain of the amyloid precursor protein, bacteri-
orhodopsin, mechanosensitive channel of small conductance (MscS), KvAP voltage-sensing
domain, phospholamban (PLB), and bacteriophase pinholin §21[78,81,87,119,124,126-141].

An illustrative example of using SDSL EPR spectroscopy is the study of the motion of
pentameric ligand-gated ion channels (pLGICs) [142]. Pentameric ligand-gated ion chan-
nels (pLGICs) are neurotransmitter-activated receptors. They are involved in mediating fast
synaptic transmission. pLGICs contain five identical /homologous subunits arranged pseu-
dosymmetrically around a central ion-conducting channel. Ligand-gated ion channels are
found in the membranes of nerve and muscle cells. These proteins form channels spanning
the membrane, where they convert chemical signals into changes in electrical excitability.
Dellisanti et al. obtained CW-EPR spectra on several MTSL spin labeled prototypical
ligand-gated channel (GLIC) derivatives reconstituted into liposomes [142]. The CW-PER
spectra were analyzed to determine the proton-induced changes in spin label mobility in
the terms of inverse central linewidth to quantitatively report the ligand induced motion
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in regions at the boundary between the binding domain (loops 2 and 9) and the channel
domain (M2-M3 loop) [142]. This study further applied the pulse EPR double electron
electron resonance (DEER) technique to obtain distances between spin label probes in GLIC
at different pH dependent conformational states. The DEER distance data suggested the
structural rearrangements of the intra- and intersubunit interface between the extracellular
binding domain (ECD) and transmembrane channel domain (TMD) accompany pLGIC
gating transitions from closed to desensitized states.

A recent example of using SDSL CW-EPR spectroscopy is the study of the structural
dynamics of the inactive form of pinholin S?! [139]. Holins work as porters during the
infected cell lysis process. They are regulated by different kinds of protein inhibitors.
Holins co-expressed with an inhibitary holin known as antiholin. The precise timing
of the biological/molecular clocks are characterized by their corresponding antiholin.
Pinholin S?! is encoded by the S21 gene of phage ®21. Antipinholin (5*'68/gs) contains
71 amino acids with two putative transmembrane domains (TMDs) incorporated into the
inner cytoplasmic membrane, making the N and C-termini remaining in the cytoplasm.
S21681rs delays the formation of the active dimer which is a prerequisite for the pinhole
formation [143,144]. Ahammad et al. extensively utilized CW-EPR spectra collected for
spin-labeled antipinholin S?!68zs to investigate the structural dynamics of the inactive
form of pinholin S?'68gs in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid
bilayers [139]. The CW-EPR spectral line shape analysis of the R1 side-chain for 35 residue
positions of S?!681rs suggested that both transmembrane domains (TMDs) have more
restricted mobility inside the lipid bilayers when compared to the N- and C-termini R1
side-chains. In addition, the R1 accessibility test performed on 24 residues using the
CW-EPR power saturation experiment indicated that TMD1 and TMD2 of S?!68s were
incorporated into the lipid bilayers where N- and C-termini were located outside of the
lipid bilayer. Based on this study, a tentative model of S?21681rg was proposed where both
TMDs remain incorporated into the lipid bilayer and N- and C-termini are located outside
of the lipid bilayer. Figure 3 shows the relative mobility of R1 side-chain (5~ !) as a function
of residue positions of the primary sequence of $*'68/rs, membrane depth parameter (&)
as a function of S2168;rg residue positions in DMPC proteoliposomes at room temperature,
and the proposed structural topology model of inactive pinholin S*!68rs incorporated into
lipid bilayers. The depth parameter (¢) was determined by analyzing the power saturation
data obtained under three equilibrium sample conditions: samples were equilibrated with
(1) lipid soluble paramagnetic relaxant (21% oxygen), (2) nitrogen gas as a control, and (3)
water-soluble paramagnetic relaxant (2 mM NiEDDA) with a continuous purge of nitrogen
gas using the Equation (1) [139].

AP, 5(05)
¢ = < APy (NiEDDA) ) M

where, AP1,,(0;) is the difference in Py /, values of air and nitrogen eqilibrated samples,
and APq /»(NiEDDA) is the difference in the Py, values for NiEDDA and nitrogen equi-
librated samples. The P, , is the power at which the amplitude of the first derivative is
decreased to half of its unsaturated value.
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Another recent example of using SDSL EPR spectroscopic technique is the investi-
gation of the conformational dynamics of the sensory Rhodopsin II in nanolipoprotein
and styrene-maleic acid lipid particles [145]. The sensory Rhodopsin II of Natronomonas
pharaonis (NpSRII) is a membrane-embedded photoreceptor that mediates the photore-
pellent response to potentially harmful blue light. This protein forms a transmembrane
complex with its conjugate transducer, NpHtrll, of Natronomonas pharaonis and plays a
key role in negative phototaxis. The structural-function relationship of NpSRII are linked
to those of the light-driven proton pump bacteriorhodopsin (BR) [145]. Mosslehy et al.
applied SDSL and time-resolved optical and CW-EPR spectroscopic techniques to com-
pare the light-induced conformational dynamics of NpSRII, in the presence and absence
of NpHotrll, reconstituted into three different lipid environments (SMALPs, NLPs and
liposomes) [145]. Authors performed CW-EPR spectral lineshape analysis on the MTSL
spin labeled site of NpSRII and its complex with NpHtrlI that suggested a strong sterical
interaction between the nitroxide and neighboring residues of the protein as expected for
the spin label side-chain being buried between helices F and G. Similarly, the CW-EPR
lineshape analysis on the MTSL spin labeled site of NpHtrll in the presence of NpSRII
exhibited a composite spectral lineshape, showing the presence of at least two components
related to mobile (v, m) and immobile (i) fractions of the spin label side-chain. The spin
label side-chain mobility data further indicated that the protein is less flexible in SMALPs.
In addition, the transient CW-EPR light-dark difference spectra revealed light-dependent
conformational changes in NpSRII and NpSRII/NpHtrll in liposomes, NLPs as well as in
SMALPs. Authors further concluded that the SMALPs could be suitable for the prepara-
tion of stable and functional membrane protein samples for spectroscopic studies of their
conformation and dynamics with possible restrictions of conformational changes in the
transmembrane region of proteins [145].

4.2. Distance Measurement on Membrane Proteins Using Dual SDSL EPR Spectroscopy

CW dipolar broadening EPR method is used to obtain an intermediate distance range
of 8-20 A that can provide pertinent structural and dynamic information of the protein
system [146]. Recently, a high-frequency (94 GHz) electron—nuclear double resonance
(ENDOR) method using F nuclei and nitroxide spin labels has been applied to obtain
distance measurements up to ~15 A with an accuracy of 0.1-1 A [147]. There are several
important biological systems that have been studied using SDSL CW-EPR dipolar broaden-
ing techniques. Some significant examples include: bacteriorhodopsin, sensory rhodopsin
IT (NpSRII) / transducer NpHtrll from natronobacterium pharaonis, erythroid 3 spectrin,
AchR M25§ peptide, magainin 2 peptide, WALP peptide, bacterial K*-translocating protein
KtrB, E. coli integral membrane sulfurtransferase (YgaP), and KCNE1 [76,92,96,148-156].

Accurate and precise distance measurements are difficult for membrane proteins
due to difficulties in integral membrane protein sample preparation in their physiologi-
cal environment. A shorter phase memory/transverse relaxation times and lower DEER
modulations are observed for membrane proteins in more native like vesicle samples
when compared to water soluble proteins or membrane proteins in detergent
micelles [43,144]. The heterogeneous distribution of spin-labeled protein within the mem-
brane causes local inhomogeneous pockets of high spin concentration leading to the shorter
phase memory time. The proton spin diffusion arising due to the presence of hydrogen
atoms in the acyl chains of the lipid in addition to those in the solvent and in the protein
cause further decrease in the phase memory time [157,158]. The requirement of a high
effective protein concentration in the liposome samples introduces strong background con-
tributions leading to decrease in the sensitivity, distance range, and experimental through-
put [159]. Additionally, the backbone dynamics of the protein and the rotameric motion
of spin-labels also contribute to the width of the DEER distance distribution. Technical
and methodological developments have been recently enhanced in the structural biology
field to minimize these limitations to obtain superior DEER data quality for membrane
proteins. The reconstitution of membrane proteins has been optimized in the presence of
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unlabeled proteins, bicelles, nanodics, lipodisq nanoparticles, low protein/lipid molar ratio
and restricted spin label probes [11,32,41,160-167]. Using deuterated protein and solvents
can also enhance the phase memory times that contribute towards the improvement of
signal/noise and the data quality [111]. DEER measurements are also carried out at Q-band
to increase sensitivity [11,32,160,165]. The use of an arbitrary waveform generator (AWG)
to EPR has further improved data quality in DEER pulsed EPR experiments [121]. DEER
distance restraints in association with the computational methods of molecular dynamics
simulations have also been widely used to refine the structural properties of membrane
proteins [32,78,110,168-170].

Nitroxide based SDSL DEER spectroscopy has been applied to study several mem-
brane protein systems including KvAP voltage-sensing domain, pentameric ligand-gated
channel, E. coli integral membrane sulfurtransferase (YgaP), bacteriorhodopsin, KCNE],
KCNES3, C99 amyloid precursor protein, human dihydroorotate dehydrogenase enzyme
(HsDHODH), influenza A M2 protein, outer membrane cobalamin transporter BtuB in
intact E. coli, cardiac Na*/Ca?* exchange (NCX1.1) protein, Na*/Proline transporter
PutP Escherichia coli, tetrameric potassium ion channel KcsA, a-synuclein, membrane-
fusion K/E peptides, ABC transporter MsbA, HCN channels, Yet] membrane protein,
ectodomain of gp41, multimeric membrane transport proteins, and multidrug transporter
LmrP [32,78,150,161-163,167-186].

A recent example of using nitroxide based SDSL DEER spectroscopy is the study of
the conformational changes of the active and inactive forms of Pinholin S21 [110]. Pinholin
S21 is a class-II holin, encoded by the S21 gene of phage ®21. It encodes two holin proteins,
pinholin S*168 (lysis effector) and antipinholin S?!681rs (lysis inhibitor). The antipinholin
form differs from pinholin only by three extra amino acids at the N-terminus. Ahmmad
et al. applied the four pulse DEER technique to measure distances between transmem-
brane domains 1 and 2 (TMD1 and TMD2) to investigate the structural topology and
conformations of active pinholin (S?168) and inactive antipinholin (S?!681rs) in DMPC (1,2-
dimyristoyl-snglycero-3-phosphocholine) proteoliposomes [110]. The researchers utilized
five sets of interlabel DEER distances obtained for both the active and inactive forms of pin-
holin S?! as experimental DEER distance restraints coupled with the simulated annealing
software package Xplor-NIH to predict structural models of the active pinholin and inactive
antipinholin. Figure 4 shows representative SDSL-based DEER data on active pinholin
and overlay of the ribbon representation of the eight structures with the lowest energy
obtained from restrained simulated annealing calculations using the amino acids of active
pinholin and inactive pinholin in DMPC liposomes. The results of DEER experiments and
predicted structural models suggested that the TMD2 of S*!68 remains in the lipid bilayer,
and TMDI1 is partially externalized from the bilayer with some residues located on the
surface. However, both TMDs remain incorporated in the lipid bilayer for the inactive
S2168rs form. This study was consistent with earlier CW-EPR spectral lineshape analysis
and power saturation data obtained on pinholin S21 [139,140].

Another recent example of the application of nitroxide based DEER spectroscopy is
the study of the Human KCNQ1 voltage sensing domain (Q1-VSD) in lipodisq nanopar-
ticles [14]. Human KCNQL1 is a voltage-gated potassium channel modulated by mem-
bers of the KCNE protein family. Q1-VSD is a four-transmembrane protein consisting of
149 amino acids representing the first four helices (51—-54) of KCNQL1. Sahu et al. performed
four pulsed Q-band DEER experiments on Q1-VSD mutants (F123C—5143C) incorporated
into various membrane mimetics including DPC micelles, LMPG micelles, DMPC/DPC
bicelles, POPC/POPG lipid bilayers, and POPC/POPG lipodisq nanoparticles for dis-
tance measurements [14]. These distances on Q1-VSD were closely matching for each
membrane environment within the experimental error suggesting that the secondary struc-
tural conformation of Q1-VSD is closely matching in all of these membrane environments.
The DEER data further suggested a substantial improvement in the signal-to-noise ratio
(S/N) for DEER time domain data with the phase memory time increased by ~2-fold
for lipodisq nanoparticle samples when compared to the same spin-labeled Q1-VSD pro-
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tein in POPC/POPG lipid bilayers. In addition, the CW-EPR spectral lineshape analysis
performed on three individual positions (F130C and V165C on the TMDs and Q147C on
the outside of the membrane) on Q1-VSD at different temperatures from 297 K to 325 K
suggested an increase in spectral line broadening for the spin labeled Q1-VSD mutations in
lipodisq nanoparticles when compared to that in liposomes.
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Figure 4. An illustrative example of four pulse Q-band DEER data on active form of pinholin (S*168) mutants (W27-A38)
bearing two MTSL spin labels (A). The left panel shows time domain DEER data and right panel shows probability distance
distribution data. The schematic representation of the MTSL spin labeling probe is shown as inset in the left panel of the

figure. Overlay of the ribbon representation of the eight lowest energy structures of active form of pinholin (S?'68) (B), and
inactive form of pinholin (5?168rg) (C) in DMPC lipid bilayers. (Adapted from [110] with permission).

SDSL based DEER spectroscopy has been recently applied to investigate conforma-
tions of the extracellular loops of BtuB in whole cells [187,188]. BtuB is an outer membrane
(OM) protein of E. Coli TonB-dependent Cobalamin (vitamin Bjy) transporter [187]. The
extracellular loops of BtuB show gating motions and conformational samplings during
substrate transport [187]. Nyenhuis et al. utilized site-directed spin labeling DEER spectro-
scopic distance data collected between eight double spin labeling extracellular loop sites in
a native in situ environment to verify whether the loops are conformationally heteroge-
neous and undergo a significant gating movement upon the addition of substrate [187].
Their DEER distance distribution measurements indicated that the loops are more ordered
in an in situ environment, and substrate binding produces very minor or no changes in
loop structure [187]. This study also showed an absence of large gating motions in the
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native system in contrary to that in liposomes in response to substrate. This study further
suggested that the conformation of the extracellular loops of outer membrane proteins
measured in vitro may not necessarily represent those in the vivo environment suggesting
that membrane reconstitutions of outer membrane proteins may not incorporate all the
elements required to reproduce the native protein structure.

5. Conclusions

In this review, we briefly described some of the most popular SDSL based EPR
spectroscopic techniques and their emerging applications to investigate structural dynamics
of important biological systems. SDSL based EPR spectroscopic techniques are rapidly
growing biophysical tools applied to glean structural dynamics information of biological
systems. Recent technological and methodological improvements on EPR spectroscopy
have expanded its application to more complicated biological systems which is very
difficult or nearly impossible by using other existing biophysical techniques.
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