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Abstract
Membrane proteins are very important in controlling bioenergetics, functional activity, and initializing signal 

pathways in a wide variety of complicated biological systems. They also represent approximately 50% of the potential 
drug targets. EPR spectroscopy is a very popular and powerful biophysical tool that is used to study the structural and 
dynamic properties of membrane proteins. In this article, a basic overview of the most commonly used EPR techniques 
and examples of recent applications to answer pertinent structural and dynamic related questions on membrane 
protein systems will be presented.
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Introduction
Membrane proteins

Membrane proteins are intermediates to the cells and play an 
essential role in controlling the cell function, ion movement across a 
cell, and signal transduction within cell membranes. Genes encoding 
membrane proteins consists of ~30 % of human and E. coli genomes 
[1-3]. Mutations in genes and misfolding of membrane proteins are 
linked to several human dysfunctions, disorders and diseases, e. g., 
rhodopsin misfolding causes retinitis pigmentosa, and mutations in 
the cystic fibrosis transmembrane conductance regulator (CFTR) 
can cause a potentially fatal disease in children [4,5]. More than 
50% of membrane proteins are potential drug targets [6,7]. Detailed 
structural and dynamic information is very important to understand 
the proper functions and regulations of membrane proteins [8-10]. 
However structure and dynamic information on membrane proteins 
is still lagging behind those of soluble proteins. Challenges in studying 
membrane proteins arise due to the hydrophobic nature of membrane 
proteins making overexpression, purification, and crystallization more 
difficult and lacking of suitable solubilizing membrane mimetics [11]. 
Membrane proteins are incorporated into a lipid bilayer in several 
different fashions or orientations. The membrane bound helices may 
be short, long, kinked, or interrupted in the middle of the lipid bilayer. 
They may cross the membrane at different angles, lie flat on membrane 
surface or form re-entrant loops. Figure 1 shows an illustration of a 
membrane peptide (acetylcholine receptor (AchR) M2δ, PDB entry 
1EQ8) incorporated into lipid bilayers (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)) [12]. Figure 1 was prepared 
using visual molecular dynamics (VMD) and molecular modeling 
was performed using CHARMM-GUI (http://www.charmm-gui.org) 
[13,14].

X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy are the two most widely used biophysical techniques 
for obtaining detailed structural information on biological systems. 
NMR spectroscopy can also provide dynamic information for a variety 
of biological systems. These methods have their own advantages and 
limitations. Solution NMR can provide structural information in a 
physiologically relevant environment, however, it is limited due to size 
restrictions (≤ ~50 kD) [15-18]. NMR structural studies on membrane 
proteins are also challenging due to the size of the micelle complex and 
increased spectral linewidth [19]. X-ray crystallography provides highly 
resolved structural information, but cannot provide detailed dynamic 

information [20]. Additionally, the hydrophobic surfaces of membrane 
protein often complicate the crystallization process, limiting the use 
of X-ray crystallographic techniques for many membrane protein 
systems [16]. Electron paramagnetic resonance (EPR) spectroscopy 
has been developed as a powerful biophysical technique to resolve 
these limitations and provide prominent solutions to obtain structural 
and dynamic information on peptides, proteins, macromolecules, and 
nucleic acids [9,10,21-27]. EPR spectroscopy measures an absorption 
of microwave radiation corresponding to the energy splitting of an 
unpaired electron when it is placed in a strong magnetic field. The 
simplest EPR active system consists of a single unpaired electron spin 
residing in a molecular orbital. In a typical continuous wave (CW)-
EPR experiment, a fixed microwave frequency is applied and the 
magnetic field (B0) is varied. The EPR transition occurs when the energy 
separation between the two electron spin states matches the constant 
microwave energy. This phenomenon is known as resonance [28]. 
In addition to varying B0, the field is also modulated to improve the 
signal to noise of the spectra. This gives rise to the derivative lineshape 
typically observed in most EPR spectra.

Spin Labeling EPR

Earlier EPR studies were restricted to EPR active transition metals 
and the biological samples containing naturally occurring radicals. 
Molecular biology techniques have been developed to incorporate 
stable radicals at specific locations on biological systems. These 
techniques are known as spin labeling. Spin labeling techniques have 
extended the application of EPR spectroscopy to nearly any biological 
system. The site-specific incorporation of unpaired electrons into 
biomolecules in the form of spin labels is known as site-directed spin 
labeling (SDSL) [29,30]. In SDSL experiments, all native nondisulfide 
bonded cysteines are removed by replacing them with another amino 
acid such as alanine. A unique cysteine residue is then introduced 
into a recombinant protein using site-directed mutagenesis, and 
subsequently reacted with a sulfhydryl-specific nitroxide reagent to 
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generate a stable spin label side-chain [26,30,31]. Figure 2 shows the 
structure of the most commonly used spin label, methanethiosulfonate 
spin label (MTSL), and the resulting side-chain produced by reaction 
with the cysteine residue of the protein [10].

EPR spectroscopy is a very sensitive technique when compared 
to NMR spectroscopy. It offers up to three orders of magnitude 
higher sensitivity than that of NMR and does not rely on expensive 
isotopic labels [24]. It can be applied to any size protein and is not 
limited to the optical properties of the sample. EPR experiments can 
be performed on samples ranging from proteins in solution to highly 
packed membrane suspensions, tissue samples, ammonium sulfate-
precipitated solids, or samples frozen and maintained at cryogenic 
temperatures [32]. EPR experiments are routinely performed from ~ 
70 nanoliter of sample at W-band (94 GHz) to several mL of sample 
or even small animals at L-band (1–2 GHz) [33,34]. EPR spectroscopy 
can answer pertinent structural and dynamic questions related to both 
solution and membrane bound proteins that are difficult to be solved 
by traditional methods [9,22,27,35]. Continuous wave EPR (CW-EPR) 
spectroscopy of spin-labeled molecules reveals structural and dynamic 
information about the motion of the nitroxide side-chain, solvent 
accessibility, the polarity of its surrounding environment, and intra- or 
intermolecular distances between two nitroxides or a single nitroxide 
and another paramagnetic center in the system [26]. The lineshape 
analysis of the EPR data for a series of spin-labeled protein sequences 
can probe structural model of the protein with a spatial resolution at 
the backbone level [36-39]. While EPR has several advantages over the 
existing biophysical techniques, it relies on unpaired electrons which 
might not be relevant for all the systems to be studied. Some of the EPR 
experiments need temperatures as low as 4 K for signal detection to 
investigate certain biological systems (e.g., metal complexes) and may 
be an expensive constraint.

EPR spectroscopy applied to membrane proteins

SDSL coupled with EPR spectroscopy has been widely used to 
study membrane proteins. This is a very broad topic, which will be 
discussed in an introductory fashion with recent examples in the 
following sections. For a more in depth background, the following are 
excellent reviews [9,10,35,40].

Structural topology and dynamics of membrane proteins: The 
basic information contained within the EPR spectrum is the motion 
of spin label, which reflects the environment surrounding it. For spin 
labels that are moving very rapidly in solution, the spectrum reduces 
to three sharp peaks. Conversely, if the spin label motion is very slow 
such that it is motionless, the spectrum is in the rigid limit [41]. In 
a rigid limit spectrum, it is as if the sample has been frozen and the 
full orientation dependent parameters are observed. For systems 
in which the spin label movement falls between these two regions, a 
correlation time (τc) can be determined that indicates the dynamics 
properties of the spin label located at the specific site [41]. Figure 3 
shows a series of EPR spectra simulated corresponding to different 
rotational correlation times [42]. When the spin label motion is 
fast (EPR timescale), the EPR spectrum posses three sharp lines of 
approximately similar height (Figure 3(A)). As the motion slows down, 
the EPR lines broaden resulting in decrease in their amplitudes (see 
Figures 3(B) and (C)). For the motionless spin label, a powder pattern 
lineshape is observed (see Figure 3(D)), also known as rigid limit 
spectrum. The overall mobility of the nitroxide spin label attached to 
the protein or peptide is a superposition of the contributions from the 
motion of the label relative to the peptide backbone, fluctuations of the 
α-carbon backbone, and the rotational motion of the entire protein or 

peptide. Under experimental conditions, these motions can be isolated 
from the EPR spectrum. The inverse linewidth of the central line of 
the EPR spectrum provides a measure of relative mobility [9,43,44]. 
The inverse linewidth mobility against the amino acid sequence can 
produce a periodic data profile, which can be used to predict the local 
secondary structure of the proteins and peptides [9,10,45]. There are 
several biologically important membrane proteins (e.g., prokaryotic 
potassium channel KcsA, KCNE1, lactose permease protein, and KvAP 
voltage-sensing domain) that have used CW-EPR spectroscopy to 
probe their secondary structure [43,44,46,47]. This method can also 
be used to indentify functional domains in high molecular weight 
proteins, supramolecular complexes and membrane proteins [20].

The changes in the spin-label mobility can be used to investigate 
the peptide-membrane binding activities [40]. In the aqueous phase, 
a spin-labeled peptide or small protein rapidly tumbling leads to an 
isotropic spectrum with a rotational correlation time of less than 
nanosecond. However in a membrane, spin labeled peptides experience 
restricted mobility, resulting in a broader EPR spectrum with two 
motional components resulted from the superposition of the signals 
arising from a free and bound peptide [40,48].

Membrane protein topology can be probed with respect to 
the membrane using nitroxide based SDSL EPR [10,49,50]. Power 
saturation EPR experiments can be used to determine a residue's 
accessibility to different paramagnetic reagents [50].

A recent example of using nitroxide based site-directed 
spin labeling EPR is a study of the integrin β1a [49]. Integrins are 
heterodimeric membrane proteins that regulate essential process 
related to cell-cell and cell-matrix interactions, i.e., cell migration, 
cell growth, extracellular matrix assembly and tumor metastasis. Yu 
et al. used CW-EPR lineshape analysis of 26 consecutive single spin-
labeled mutants on the transmembrane (TM) domain of integrin β1a to 
determine the side-chain mobility and solvent accessibility in detergent 
micelles and liposomes [49]. The mobility data identified two integrin 
β1a-TM regions with different motional properties in micelles and a 

 
Figure 1: Cartoon representation of a membrane peptide (acetylcholine 
receptor (AchR) M2δ, PDB entry 1EQ8) incorporated into lipid 
bilayers (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)). 
Methanethiosulfonate spin label (MTSL) (orange color) has been attached at 
11th position. Figure was prepared using visual molecular dynamics (VMD) 
and molecular modeling was performed using CHARMM-GUI (http://www.
charmm-gui.org).
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highly immobile non-continuous integrin β1a-TM helix in liposomes. 
Additionally, the comparison of mobility and accessibility data of 
transmembrane and cytoplamic domain of integrin β1a identified 
a monomeric state in detergent micelles and leucine-zipper-like 
oligomeric clusters in liposomes.

Nitroxide based CW-EPR spectroscopy at X-band can also be used 
to study membrane topology of membrane proteins/peptides bound to 
aligned phospholipid bilayers [51,52]. Recently, the Lorigan lab used 
the membrane alignment technique coupled with dipolar broadening 
CW-EPR to determine the distance and relative orientation of two 
nitroxide spin labels on the integral membrane peptide (M2δ segment 
of the acetylcholine receptor (AchR)) and peripheral membrane 
peptide (antimicrobial peptide magainin-2) in 1,2-dimyristoyl-sn-
glycerol-3-phosphocholine (DMPC) vesicles [52,53].

Distance Measurement of Membrane Proteins: Distance 
measurement between two spin labels is one of the most commonly and 
rapidly developing structure biology techniques of EPR spectroscopy. 
Distances can be measured in the terms of either intramolecular distances 
on the same protein or intermolecular distances between sites on different 
proteins [32]. This is a powerful approach for studying protein-protein 
interactions. Using double labeling site-directed spin labeling EPR 
techniques, distance measurement can be used to probe secondary, tertiary 
and quaternary structures [32]. CW dipolar broadening EPR technique 
can provide pertinent structural and functional dynamic information over 
an intermediate distance range of 8-30Å [54,55].

Double electron-electron resonance (DEER) is also known as pulse 
electron double resonance (PELDOR). In DEER, the spin echo decay 
of one set of spin labels is modulated by an intramolecular dipolar 
interaction with another set of spin labels on the same protein molecule 
and/or by an intermolecular dipolar interaction with the same set of 
spins or another set of spins on a separate molecule. The periodicity 
of the oscillating echo produced by the former process directly reflects 
the average distance. The latter process is an exponential decay which 
dampens the oscillation, and is referred to as the background. The 
background contribution is removed from the echo decay during 
the data analysis, yielding a distance distribution characterized 
by the weighted average distance and a standard deviation. DEER 
spectroscopy is a very powerful and popular structural biology 
technique for measuring longer range distances (20-80 Å) for probing 
the structure of wide variety of biological systems [56-64]. Additionally, 
DEER at high field can be used to measure the relative orientation of 
the spins [65]. However, the application of DEER spectroscopy to study 
membrane proteins is very challenging due to much shorter transverse 
relaxation/phase memory times and poor DEER modulation in more 
biologically relevant liposomes as compared to water soluble proteins 
or membrane proteins in detergent micelles. The short phase memory 
times are due to uneven distribution of the spin labeled proteins within 
the membrane, which creates local inhomogeneous pockets of high 
spin concentration [61]. The high effective protein concentration in 
the proteoliposomes introduces a strong background contribution 
with severe limits on sensitivity, distance range, and experimental 
throughput [66]. Great efforts have been made to minimize the above 
limitations using a low protein/lipid molar ratio, reconstitutions 
in the presence of unlabeled proteins, bicelles, nanodics, lipodisq 
nanoparticles, restricted spin label probes and Q-band pulse EPR 
measurements [63,64,67-73]. The protein backbone dynamics and spin 
label rotameric motions have a significant contribution to the DEER 
distribution width. With the development of molecular dynamics 
simulations, several labs have recently used DEER distance restraints to 
refine the secondary structure of membrane bound proteins [44,64,74]. 
These methodological developments have made DEER a powerful 
spectroscopic tool to study complicated biological systems such as 
membrane proteins.

A recent example of using DEER spectroscopy is the study of 
N-terminal microdomain of human dihydroorotate dehydrogenase 
enzyme (HsDHODH) [75]. The HsDHODH enzyme is an attractive 
drug target for the potential treatment of several proliferative diseases 
such as cancer and rheumatoid arthritis. Eduardo et al. used DEER 
distance data in combination with CD spectroscopy to determine the 
different conformational states of HsDHODH peptide in micelles 
and liposomes [75]. The results revealed that the peptide undergoes 
different conformational states in micelles and liposomes suggesting 

Figure 2: Structure of MTSL (Methanethiosulfonate spin label) and the resulting side-chain produced by reaction with the cysteine residue of the protein.

Figure 3: CW-EPR spectra of different spin label side chain motions. Spectra 
were simulated using EasySpin simulation software [41].
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this mircodomain acts in specific regions or areas of the mitochondria, 
which can be related with the control of the quinone access to the 
HsDHODH active site. Figure 4 shows DEER distance data obtained 
on the N-terminal microdomain of HsDHODH peptide and predicted 
conformational states in micelles and liposomes.

Another excellent recent example of using DEER distance data 
is a study on the KvAP voltage-sensing domain [44]. Voltage-
gated ion channels have a critical role in defining a wide variety 
of signaling process controlling basic cellular functions as electrical 
excitability, hormone secretion and osmotic balance. Li et al. used 
SDSL coupled with EPR spectroscopy to measure inter-helical 
distances and solvent accessibility. The results suggested that KvAP 
gates through S4 movements involving an ~ 3 Å upward tilt and 
simultaneous ~ 2 Å axial shift [44]. This motion supported a new 
gating model that combines structural rearrangements and electric-
field remodeling.

DEER spectroscopy was recently used to investigate the structure 
of the transmembrane domain of KCNE1 in proteoliposomes [64]. 
KCNE1 is a transmembrane protein consisting of 129 amino acids that 
modulates the function of a voltage gated potassium ion channel (Kv). 
Hereditary mutations in the genes encoding either protein can result 
in diseases such as congenital deafness, long QT syndrome, ventricular 
tachyarrhythmia, syncope, and sudden cardiac death. Nine DEER 
distances were measured along the transmembrane domain (TMD) 
of KCNE1. The distances were compared in three different membrane 
environments (micelles, POPC/POPG vesicles and POPC/POPG 
lipodisq nanoparticles). The nine DEER distance restraints based on 
MTSL spin labeling sites were used in simulated annealing molecular 
dynamics simulation using Xplor-NIH and determined the structure 
of the transmembrane domain of KCNE1. This new structure was 
validated using experimentally derived DEER distances obtained using 
more restricted bifunctional spin labels (BSL). The results indicated 
that the transmembrane domain of KCNE1 is α-helical with a slightly 
curved conformation consistent with the previously determined 
solution NMR micelle structure [76].

Also, Influenza A M2 protein was recently investigated in 
liposomes using DEER spectroscopy [77]. Influenza A M2 protein 
is a 97 amino acid single-pass transmembrane protein, which 
oligomerizes to form a tetrameric proton-selective channel. This 
protein plays an essential role in viral adjustment and replication in 
the host cell and hence it is a target for drug development. Georgieva 
et al. collected DEER data on the M2 transmembrane protein at 
different protein to lipid molar ratios to understand the mechanism 
of transmembrane domain assembly in lipid membranes [77]. The 
results indicated that the M2 TMD exists as monomers, dimers, 
and tetramers whose relative populations shift to tetramers with an 
increase in the protein to lipid molar ratio.

Conclusion
In this brief review, the application of SDSL coupled with EPR 

spectroscopic methods to study complicated membrane proteins is 
discussed. Unique structural and dynamic information on membrane 
proteins can be gleaned using these powerful techniques. Table 1 shows 
recent examples of some biologically important membrane protein 
systems studied by using EPR spectroscopy [43,44,49,64,74,75,78,79]. 
EPR spectroscopy has become complementary to existing biophysical 
methods to study membrane proteins. Finally, EPR spectroscopy 
can address important biological questions that other biophysical 
techniques cannot or are very difficult.
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