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ABSTRACT: Electron paramagnetic resonance (EPR) spec-
troscopy is a very powerful biophysical tool that can provide
valuable structural and dynamic information about a wide
variety of biological systems. The intent of this review is to
provide a general overview for biochemists and biological
researchers of the most commonly used EPR methods and
how these techniques can be used to answer important
biological questions. The topics discussed could easily fill one
or more textbooks; thus, we present a brief background on
several important biological EPR techniques and an overview
of several interesting studies that have successfully used EPR
to solve pertinent biological problems. The review consists of
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the following sections: an introduction to EPR techniques, spin-labeling methods, and studies of naturally occurring organic
radicals and EPR active transition metal systems that are presented as a series of case studies in which EPR spectroscopy has been
used to greatly further our understanding of several important biological systems.

B INTRODUCTION TO ELECTRON PARAMAGNETIC
RESONANCE-BASED METHODS

Electron Paramagnetic Resonance (EPR) Spectrosco-
py. EPR spectroscopy requires the presence of an unpaired
electron spin. Historically, this has limited the scope of
biological systems that could be studied using EPR to those
containing organic-based radicals or EPR active transition
metals. The advent of spin-labeling methods has expanded the
technique to include proteins and nucleotides into which an
unpaired electron spin can be introduced.”” The simplest EPR
active system consists of a single unpaired electron spin residing
in a molecular orbital. The electron can exist in one of two M;
quantum states, +'/, and —'/,. In the absence of a magnetic
field, these two states are degenerate and have the same energy.
However, when a magnetic field is applied, the energy of the
—!/, state decreases and the energy of the +'/, state increases
as a function of the strength of the magnetic field as seen in
Figure 1}

The energy separation between the two spin states is gf3.B,,
where g is a proportionality factor that can considered to be
similar to a chemical shift parameter in nuclear magnetic
resonance (NMR), f, is the electron Bohr magneton, and B, is
the strength of the static magnetic field. Contrary to NMR
studies, in which continuous wave (CW) experiments have
been replaced with pulsed methods, CW EPR is the most
frequently used spectroscopic technique. In a typical CW-EPR
experiment, a constant microwave frequency is applied and the
B, magnetic field is swept with spin-flip transitions occurring
when the energy separation between the two electron spin
states matches the constant microwave energy. In addition to
the sweep of B, the field is typically modulated to enhance the
signal-to-noise ratio of the spectra. This gives rise to the
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Figure 1. EPR transitions occur when the energy contained in the
microwave photons matches the splitting between two electron spin
states. In the simplest system, this splitting as a function of the
magnetic field is gf.B,.

derivative line shape typically observed in most EPR spectra, as
it is essentially the slope of the signal that is being measured as
the bulk magnetic field is swept and not the signal itself. As
depicted in Figure 1, the derivative-shaped signal occurs when
the separation in energy between the two spin states matches
the applied microwave radiation.

The magnetic field at which this signal appears depends on
the g value, which dictates the slope at which the energy levels
for the two spin states change as a function of the magnetic
field. A free electron in a vacuum has a g value (g) of
2.00231930436153 (uncertainty of 0.00000000000053), which
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is one of the most precisely known values in physics.® Shifts
from this value occur because of spin orbit coupling within the
molecule. In most biological systems, the g value is anisotropic
with an orientation dependence meaning that the effective g
value is different depending on the orientation of the molecule
with respect to the applied magnetic field.

The EPR spectrum is also dependent on interactions
between the electron spin and any NMR active nuclei in the
vicinity. This interaction is termed the hyperfine interaction (A)
and depends on the amount of electron spin density on the
nucleus, the distance between the electron spin and the
nucleus, and the angle between the two with respect to the
magnetic field. Like the g value, this is also often orientation-
dependent. Other parameters that can be extracted from an
EPR spectrum are electron—electron couplings between two
sets of spins that can provide valuable distance information
between biological systems and zero-field splittings in higher-
spin systems. The information that can be obtained through the
extraction of these parameters will be discussed in the following
sections on spin-labeled and naturally occurring EPR active
systems.

Electron Nuclear Double Resonance (ENDOR) Spec-
troscopy, Electron Spin Echo Envelope Modulation
(ESEEM), and Hyperfine Sublevel Correlation (HYSCORE)
Spectroscopic Techniques. In ENDOR, ESEEM, and
HYSCORE spectroscopies, the electron spin is essentially
used as a detector to probe nuclei that are coupled to the
unpaired electron spin. With ENDOR, nuclear transitions are
directly driven using either continuous or pulsed radio-
frequency (RF) radiation.*”” The effect on the EPR signal as
a function of the RF is monitored, and what is obtained is
essentially an NMR spectrum of the nuclei that are coupled to
the unpaired electron spin. Similar to ENDOR, ESEEM, and
HYSCORE are pulse methods that are used to gain information
about nuclei in the vicinity of the unpaired electron spin.”~ "'
However, unlike ENDOR, in ESEEM and HYSCORE, nuclear
transitions are not directly excited. Instead, the timings between
the pulses are varied, and the size of either a Hahn or
stimulated echo is monitored as a function of time. Similar to
the FID signal in an NMR experiment, the time-based data
yield a periodic signal dependent on the nuclear Zeeman,
hyperfine, and quadrupolar (for I > '/, nuclei) interactions. A
Fourier transform of the time-based data yields a frequency-
dependent spectrum similar to that obtained in an ENDOR
spectrum, but often with double quantum and combination
peaks. The most commonly used ESEEM pulse sequences are
the two-pulse and three-pulse sequences.”” HYSCORE is a
two-dimensional ESEEM technique in which the peaks are
separated into a second dimension, which can often be
beneficial for complicated spectra with many overlapping
peaks.'!

Double Electron—Electron Resonance (DEER) or Pulse
Electron Double Resonance (PELDOR) Spectroscopy. In
systems with two or more EPR active species, there will be an
electron—electron dipolar interaction present.”'> This inter-
action depends upon the distance and the angle between the
two paramagnetic species relative to the externally applied
magnetic field. In DEER spectroscopy, that dipolar coupling is
measured, and as a result, the distance between the two species
can be accurately determined to be between 20 and 80 A."
This technique has emerged as a very powerful structural
biology tool, particularly for site-directed spin-label studies in
which the two unpaired electron spins can be engineered into
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specific locations in biological macromolecules. A more detailed
description of DEER studies on spin-labeled systems can be
found below.

B SPIN-LABEL EPR

Early biological EPR studies were restricted to those systems
containing naturally occurring radicals and EPR active
transition metals that will be discussed in a later section.
However, with the advent of spin-labeling, biological techniques
used to place stable radicals at specific locations on biological
macromolecules, the potential use of EPR has been extended to
nearly any biological system. This is a very broad field of study,
and as such, what follows is a basic introduction to the types of
experiments and systems in which spin-label EPR is being used.
For more in-depth examinations of this topic, the authors direct
the reader to several excellent reviews.">'*~"?

The two most widely used techniques for obtaining detailed
structural information in biological systems are X-ray
crystallography and NMR spectroscopy. These techniques can
yield highly detailed structural and in the case of NMR also
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 but is limited because of size restrictions
(approximately <50 kDa).'***™>* NMR structural studies of
membrane proteins are also challenging because of the size of
the micelle complex and corresponding increases in line
width.”® X-ray crystallography yields highly resolved structural
information but cannot provide detailed dynamic informa-
tion.”* In addition, the hydrophobic surfaces associated with
membrane proteins often complicate the crystallization process,
limiting the use of X-ray crystallographic techniques for many
membrane protein systems.”’ EPR spectroscopy has emerged
as a powerful technique for overcoming these limitations and
provides important solutions to gaining structural and dynamic
information about peptides, proteins, macromolecules, and
nucleic acids,">'>102572

EPR spectroscopy offers high sensitivity (micromolar
concentrations), and is not limited by the size of the protein
or the optical properties of the sample. EPR measurements can
be made on samples ranging from proteins in solution to
densely packed membrane suspensions, tissue samples,
ammonium sulfate-precipitated solids, or samples frozen and
maintained at cryogenic temperatures.30 EPR measurements are
routinely made from approximately 70 nL of a sample at W-
band (94 GHz)>' to several milliliters of a sample or even small
animals at L-band (1—2 GHz).** EPR spectroscopy can address
important structural and dynamic questions related to both
solution and membrane-embedded protein systems that are not
answered by traditional methods."">**** CW-EPR spectrosco-
py of spin-labeled molecules reveals structural and dynamic
information about the motion of the nitroxide side chain, the
solvent accessibility, the polarity of its surrounding environ-
ment, and intra- or intermolecular distances between two
nitroxides or a single nitroxide and another paramagnetic center
in the system.”” The analysis of the EPR data for a series of
spin-labeled protein sequences allows modeling of the protein
structure with a spatial resolution at the level of the
backbone.** ™’

Site-Directed Spin-Labeling Methods. Most native
biological systems cannot be studied with EPR spectroscopy
as they are not naturally EPR active. A reporter group or a label
such as a spin-probe needs to be incorporated into the system
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Figure 2. Structure of MTSL and the resulting side chain produced by reaction with the cysteine residue of the protein. y,, ¥», ¥3, ¥4 and y represent
the locations of five rotations about the chemical bonds between the a-carbon backbone of the protein and the pyrroline ring of the attached MTSL.

of interest to be detected by EPR. The site-specific
incorporation of unpaired electrons into biomolecules in the
form of spin-labels is known as site-directed spin-labeling
(SDSL).>*** In SDSL experiments, all native non-disulfide-
bonded cysteines are eliminated by replacement with another
amino acid such as alanine. A unique cysteine residue is then
introduced into a recombinant protein via site-directed
mutagenesis and subsequently reacted with a sulthydryl-specific
nitroxide reagent to generate a stable paramagnetic EPR active
side chain.””?**® Figure 2 shows the structure of the most
commonly used spin-label, S-(2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL), and
the resulting side chain produced by reaction with the cysteine
residue of the protein.

EPR Structural and Dynamic Information of Biological
Systems. The EPR spectra of nitroxide-based site-directed
spin-labels are sensitive to the motion of the spin-label and, as
such, can be used to observe dynamics within a system." This
sensitivity stems from the orientation dependence of both the g
values and the hyperfine couplings and the extent to which they
are averaged out by the motion of the spin-label. For spin-labels
that are moving very rapidly in solution, the spectrum collapses
to three sharp peaks. Conversely, if the spin-label motion is
very slow such that the spin-label is relatively motionless within
the transverse relaxation time for the system, the spectrum is in
the rigid limit.*' In a rigid limit spectrum, it is as if the sample
has been frozen and the full orientation-dependent parameters
are observed. These “bookends” to the spin-label spectra are
determined by the transverse relaxation time (T,), which in
turn determines the range of motional dynamics to which EPR
is sensitive. For systems in which the spin-label movement falls
between these two extremes, a correlation time, 7., can be
determined that indicates the dynamic properties of the spin-
label at a specific location.*' The overall mobility of the
nitroxide spin-label attached to the protein or peptide is a
superposition of the contributions from (1) the motion of the
label relative to the peptide backbone, (2) fluctuations of the a-
carbon backbone, and (3) the rotational motion of the entire
protein or peptide. Under experimental conditions, these
motions can be isolated from the EPR spectrum. The spin-
label side chain motion is used to study tertiary contacts and
protein structure. There are five chemical bonds between the
pyrroline ring of the attached MTSL and the a-carbon
backbone of the protein (see Figure 2). The flexibility of the
MTSL at a-helical sites is dominated by rotations about the two
bonds closest to the nitroxide ring moiety (y, and y5).** The
interaction of the disulfide bond with the backbone a-carbon
hydrogen restricts the mobility about the first two bonds
adjacent to the a-carbon backbone (y; and y,). An isomer-
ization about the disulfide bond (y3) is slow on the EPR time
scale, so that the motion of the MTSL is constrained to
isomerizations about y, and ys. For f-sheet proteins, the spin-
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label motion is influenced by steric interactions with the nearest
neighbors.** The inverse line width of the central line provides
a measure of relative mobility. Scanning the inverse line width
of the EPR spectrum against the amino acid sequence yields a
periodic data profile that reflects the local secondary structure
of the protein.** This EPR approach has been routinely used to
determine the secondary structure of the protein and peptides
(see the review by Klug et al.).! This method also provides an
efficient strategy for identifying functional domains in high-
molecular weight proteins, supramolecular complexes, and
membrane proteins.”* A more detailed description of side chain
motion of the spin-label in a biological system can be obtained
with EPR spectral simulations such as the microscopic ordered
and macroscopic disordered (MOMD) approach,*>*¥454

An excellent example of the application of SDSL—EPR
techniques is work done on the Escherichia coli ferric citrate
transporter FecA.*” Outer membrane TonB-dependent trans-
porters such as E. coli ferric citrate transporter FecA (Figure
3)*7% interact with inner-membrane protein TonB through
an energy-coupling segment called the Ton box. This FecA
protein is involved in ferric iron—iron translocation across the
outer membrane. Mokdad et al. determined the position and
dynamics of the N-terminal transcriptional domain in FecA
using SDSL—EPR methods.*” X-Band CW-EPR spectra were
recorded for several single spin-labeled sites to determine the
N-terminal transcriptional motif with and without substrate
binding. The more ordered regions of the domain yielded the
broadest spectra, while the loop region yielded the narrower
spectra with correlation times on the order of 1 ns. No
significant spectral differences were observed with and without
substrate binding. These results indicated the correct folding of
the N-terminal extension with no change in dynamics upon
substrate binding. Further spectral analysis indicated that the
domains have significant backbone motion on the nanosecond
time scale that would be expected for a domain designed for
protein—protein interactions. A further study of 10 different
spin-labeled sites in the N-terminal transcriptional domain in
the absence and presence of PEG 3350 indicated the existence
of a conformational equilibrium at these sites.*” The position of
the N-terminal transcriptional domain is not fully resolved in
high-resolution crystal structures of FecA. This study also used
DEER distance restraints obtained for pairs of spin-labels
located on the N-terminal signaling domain and the Ton box or
the FecA barrel to determine structural models of the apo,
TonB, and substrate-bound states.*’

Another example of using SDSL—EPR methods to probe the
structural and dynamic properties of proteins is Vimentin
(Figure 4).>%** Vimentin is a type III intermediate filament
protein found in many cells of mesenchymal origin. The
intermediate filament (IF) gene family includes more than 65
different members, each expressed in a cell-specific or
differentiation stage-specific manner. Mutations in IF genes

dx.doi.org/10.1021/bi400834a | Biochemistry 2013, 52, 5967—5984
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Figure 3. Representation of TonB-dependent iron transporter: (A) X-
ray crystal structure of E. coli ferric citrate transporter FecA [Protein
Data Bank (PDB) entry 1KMO]*® (the N-terminal transcriptional
signaling motif was not resolved in FecA) and (B) solution NMR
structure of the N-terminal transcriptional signaling motif of FecA
(PDB entry 12ZV).* Figures were prepared using VMD.*°
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Figure 4. Schematic of the Vimentin molecular structure. (A)
Representation of the protein domains of Vimentin. At the amino
terminus is the head domain, leading into rod domain 1. The black box
between rod 1B and rod 2B represents linker 1—2. The dark gray box
between rod 1B and rod 2B represents the parallel helical structure of
rod 2A/linker 2. (B) Amino acid sequence of the tail domain,
beginning with Y**°. The HTM and f (beta) sites are boxed and
labeled. Prolines are shown in bold; phosphorylation sites are denoted
with asterisks. Adapted from ref 51 with permission.

have been linked to more than 85 different human diseases.>>

Aziz et al. used site-directed spin-labeling X-band CW-EPR data
collected at 45 different sites to predict the structural model of
the Vimentin head domain.>> This study also revealed that the
Vimentin head domain structure is dynamic and changes with
filament assembly. Hess et al. further employed X-band CW-
EPR to show that the head and tail domains of Vimentin are
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structurally very different and the tail domain undergoes
distinctive conformational changes upon assembly with the
tetrameric protofilament.®'

Protein Topology. Membrane proteins play an essential
role in controlling bioenergetics, the movement of ions across a
cell, and initializing signaling pathways. Membrane proteins can
be incorporated into a membrane in several different fashions
or orientations. The embedded helices may be short, long,
kinked, or interrupted in the middle of the membrane. They
may cross the membrane at different angles, lie flat on the
surface of the membrane, or form re-entrant loops. Nitroxide-
based site-directed spin-labeling EPR can be used to gain
pertinent structural and dynamic information about mem-
brane—protein assembly. EPR spin-labels are very sensitive to
the presence of other paramagnetic species that alter the
relaxation properties.> The accessibility of the spin-label to
different paramagnetic probes can be used to determine the
location of the spin-label in the membrane interior. EPR power
saturation experiments can monitor the relaxation rate of spin-
labels with extrinsic paramagnetic probes residing in the
aqueous phase and in the lipid bilayers by examining the
EPR signal intensity as a function of microwave power.>* The
power at which the measured signal amplitude is half-saturated,
P, )y, is proportional to the longitudinal relaxation rate of the
spin-label. When the spin-label is exposed to paramagnetic
reagents, the spin—lattice relaxation rate increases, which is
dominated by Heisenberg spin exchange.>* The most
commonly used paramagnetic agents in EPR accessibility
experiments are lipid soluble oxygen, which serves as a probe
for membrane insertion, and polar nickel compounds such as
nickel(II) ethylenediaminediacetate (NiEDDA), which is
located in the aqueous phase. Nitrogen is used as a control
to purge the sample of oxygen during the measurement of the
natural longitudinal relaxation rate of the spin-label. There are
several biologically important membrane protein systems [e.g.,
bacteriorhodopsin, ABC cassette transporter MsbA, cyto-
chrome ¢ oxidase subunit IV (COX IV), and ferric enterobactin
receptor FepA] that have been studied using spin-labeled EPR
spectroscopy to investigate structural topology.”*>* Given the
limited format of this review, we are presenting a few recent
examples from several studies that are biologically important.

A recent example of using CW-EPR power saturation data is
to study the topology of the KCNEI membrane protein in
proteoliposomes.” KCNE1 (Figure 5)% is a single-trans-
membrane protein that modulates the activity of the KCNQI
voltage-gated potassium channel. EPR power saturation data
revealed that KCNE1 spans the full width of the lipid bilayer,
with the LeuS9 residue located near the center of the
membrane. Additionally, SDSL—EPR line shape analysis
showed that the dynamic motion of the nitroxide spin-label is
slower in the membrane environment than in micelles and that
residues within the membrane are less mobile than those
outside. This information provides an understanding of how
KCNE]1 is stabilized in a membrane environment more native
than micelles.

The accessibility parameters obtained for a series of
consecutive sites can also be used to probe the secondary
structure.” The plot of accessibility parameters against residue
number can distinguish a-helical, f-strand, and unstructured
regions of a protein. A standard a-helix has a periodicity of 3.6
residues per turn, so every 3 or 4 residues would be highly
exposed to the solvent showing high NiEDDA values; the sites
on the other side of the helix would be buried against the

dx.doi.org/10.1021/bi400834a | Biochemistry 2013, 52, 5967—5984
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Figure 5. Representation of the NMR structure of KCNE1 membrane
protein in LMPG micelles (PDB entry 2K21).° This figure was
prepared using VMD.*°

protein, revealing lower values for both NiEDDA and oxygen.
Similarly, the f-strand has a periodicity pattern of 2, when
compared to a standard a-helix.

An excellent example of using both accessibility data and
mobility data to identify the a-helical secondary structure is a
study of the lactose permease protein.”’ The X-ray crystal
structure of wild-type lactose permease protein is shown in
Figure 6.° Voss et al. used site-directed spin-labeling EPR to
obtain the periodicity of side chain mobility and accessibility to
molecular O, and concluded that transmembrane domain XII
in the lactose permease protein adopts an a-helical
conformation.®" For integral membrane proteins, the depth of

Figure 6. Representation of the X-ray crystal structure of wild-type
lactose permease protein (PDB entry 2V8N).> This figure was
prepared using VMD.*°
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a given spin-label side chain within a lipid bilayer can be
determined using accessibility data based on the inverse
concentration §radients of oxygen and NiEDDA within a
lipid bilayer.>**

CW-EPR spectroscopy at X-band can also be used to study
membrane topology of integral membrane proteins inserted
into aligned phospholipid bilayers.*> Recently, Ghimire et al.
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 M2§ peptide of
the acetylcholine receptor (AchR) in DMPC vesicles.®

High-Field, High-Frequency SDSL—EPR Methods. The
EPR spectral line shape can provide information about the
secondary structure of a protein and the orientation of its
subunits relative to each other or to the environment. If the
experiment is performed at more than one frequency, it can
provide additional information about both the global tumbling
of the protein and the internal motion consisting of backbone
fluctuations and side chain isomerizations.*>®® EPR spectral
behavior at lower frequency is more sensitive to slower spin
motions, whereas spectral behavior at higher frequency is more
sensitive to faster spin dynamics.”” A multifrequency approach
supplies snapshots at different time scales but also provides
pertinent information from a different angle: hyperfine tensor
at lower frequencies and g tensor at higher frequencies. Single-
frequency spectra can be fit quite easily because of the few
parameters that are needed in the EPR spectral simulation.
However, EPR spectra recorded at multiple frequencies provide
unique perspectives on the molecular motions and therefore,
taken together, provide a more complete and accurate
description of the dynamics of the spin probe environment.*®
The following three major challenges arise for EPR as a
biophysical tool and cannot be resolved by traditional structural
methods: (1) structure and dynamics of high-molecular weight
proteins in solution, (2) membrane and membrane-associated
proteins (structure, location with respect to the membrane, side
chain dynamics, and interactions with other membrane
components, DNA, or RNA), and (3) fast conformational
transitions of proteins and RNAs in solution, protein folding,
and refolding. These issues can be more accurately addressed
by probing EPR at multiple and higher microwave
frequencies.”” If conventional EPR frequencies (X-band) are
extended to higher frequencies, the following five important
features emerge:68 (1) enhanced spectral resolution, (2)
enhanced orientational selectivity in disordered samples, (3)
enhanced low-temperature electron spin polarization, (4)
enhanced detection sensitivity for restricted-volume samples,
and (5) enhanced sensitivity for probing fast motional
dynamics. At magnetic fields above 3.4 T (95 GHz, W-band),
the rhombic Zeeman term provides new information about
protein structure and dynamics that cannot be accessed by
traditional means.”” At a frequency of 250 GHz, the slow
overall tumbling of large biomolecules is frozen out on the EPR
time scale, leaving only the rapid internal modes corresponding
to backbone fluctuations in spin-labeled Gproteins to contribute
significantly to the EPR spectrum.®>®® The additional
advantages of extending conventional X-band EPR (9 GHz)
to high-frequency EPR include an increased signal-to-noise
ratio and a great improvement in the orientational resolution of
the nitroxide spectrum.®” More detailed information about the
application of high-field EPR to study biological systems can be
found in the literature.”®”" The following are recent examples
of such multifrequency studies.

dx.doi.org/10.1021/bi400834a | Biochemistry 2013, 52, 5967—5984
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Multifrequency EPR spectroscopy has provided pertinent
structural and dynamic information about myosin.”> Myosins
are a family of ATP-dependent motor proteins. They are
involved in muscle contraction and a wide range of other
eukaryotic motility processes. An X-ray crystal structure of the
motor domain of Dictyostelium discoideum myosin II is shown in
Figure 7.”* Nesmelov et al. recorded CW-EPR spectra at X- and

Figure 7. Representation of the X-ray crystal structure of the motor
domain of D. discoideum myosin Il (PDB entry 1EMV).” This figure
was prepared using VMD.*

W-band frequencies on spin-labeled subfragment 1 (S1) of
rabbit skeletal myosin for the apo state and in the presence of
ADP and nucleotide analogues.”” Using simultaneous fre-
quency data fits, both the rate and amplitude of restricted
motion within myosin were determined and multiple conforma-
tional states were resolved in the force-generating region of
myosin. This study also provided reliable information about the
allosteric influence of nucleotides on multiple conformational
states, the relative populations of these states, and the rate and
amplitude of spin-label rotation in each state.”” This study
further suggested that the post- and pre-power stroke structural
states are in a dynamic equilibrium in solution, even with ADP
and vanadate tightly bound to the myosin active site. The
molecular events responsible for force generation in a Cyclin§
cross-bridge are a major focus of interest in the muscle field.”

This important study provided the pertinent structure and
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dynamic information about the force-generating domain of
myosin, addressing a major focus of interest in the field.
Multifrequency EPR has also been used to study the dynamic
properties of T4 lysozyme in solution.’® T4 lysozyme is a
globular protein composed of 164 amino acid residues with a
molecular mass of 18.7 kDa.’® Zhang et al. used EPR
spectroscopy over a wide range of frequencies (9, 95, 170,
and 240 GHz) to obtain dynamic modes of nitroxide side
chains in T4 lysozyme.*® This study demonstrated the power of
multifrequency EPR to differentiate the effects of faster internal
modes of motion from those of slower overall motions.
SDSL—ESEEM Methods. Electron spin echo envelope
modulation (ESEEM) spectroscopy is a very powerful pulsed
EPR spectroscopic technique and has been applied to study
many different biological systems.””~”” ESEEM can provide
distance measurements up to 8 A between a spin-label and a
single “H nucleus. Simulations of the spectral data can indicate
the number, identity, and radial distance of the weakly coupled
nuclei from the electron spin.”*® Volkov et al. used ESEEM
accessibility data to measure the folding kinetics of the plant
light-harvesting complex LHCII membrane protein in a
membrane environment.”® Recently, the Lorigan lab has
utilized ESEEM spectroscopy to directly probe the site-specific
secondary structure of membrane peptides using microgram
amounts of sample.””*"** In this method, a cysteine-mutated
nitroxide spin-label is positioned two (i + 2), three (i + 3), or
four (i + 4) residues from a fully deuterated Leu chain (i). The
characteristic periodicity of the a-helical and fS-sheet structure
gives rise to a unique pattern in the ESEEM spectra. For i + 2
a-helix samples and i + 3 f-sheet samples, the “H nuclei are too
far away to be detected. However, with the 3.6-residue per turn
pattern of an a-helix, the i + 3 samples reveal a strong *“H
ESEEM peak from *H nuclei of the Leu side chain weakly
coupled to the spin-label. Similarly, the i + 2 sample for a f-
sheet can reveal an ESEEM signal from *H nuclei of the Leu
side chain coupled to the spin-label because they are in the
proximity of each other. This method has been used to simply
and quickly (<1 h) discern the local secondary structure within
a protein. Figure 8 shows an example of the three-pulse ESEEM
data obtained for AchR M2 a-helical peptide in a membrane
environment and a ubiquitin f-sheet peptide in solution.””
Double Site-Directed Spin-Labeling Methods Used To
Determine Distances. One of the most active and rapidly
developing aspects of EPR spectroscopy is the measurement of
distances between two spin-labels in terms of either intra-
molecular distances on the same protein or intermolecular
distances between sites on different proteins.*® The distance is
obtained from the magnetic dipolar interactions between the
unpaired electrons of two spin-labels or a spin-label and a
paramagnetic metal. Using dual-labeling EPR techniques,
distances can be measured to probe secondary, tertiary, and
quaternary structures.’® This method allows the relative
orientations between interacting spin-labels to be determined
from CW-EPR studies in those cases where a specific
orientation exists.”’ The magnetic dipoles of the two spin-
labels give rise to a distance-dependent line broadening in the
conventional CW-EPR spectrum. CW dipolar broadening EPR
can provide pertinent structural and functional dynamic
information over an intermediate distance range of 8—20 A.*’
Recently, the Hyde group extended the upper limit distance
measurement to 30 A at L-band (1-2 GHz) using nonadiabatic
rapid sweep electron paramagnetic resonance (NARS EPR A
For higher-resolution structural analysis, quantitative distances
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Figure 8. Three-pulse ESEEM experimental data with a 7 of 200 ns of
the i + 2 and i + 3 *H-labeled Leu for AchR M25 helical peptide in a
lipid bilayer and ubiquitin fS-sheet peptide in solution: (A) time
domain and (B) frequency domain. The inset structural pictures show
the location of spin-labels and *H-labeled Leu on AchR M2§ helical
peptide and ubiquitin f-sheet peptide. Adapted from ref 77 with
permission.

can be determined using spectral simulations.*"*~*" The
resolution of this method is typically on the order of +1-2 A
for flexible spin-labels and 0.1—0.2 A for highly immobilized,
well-oriented spin-labels.*!

The CW-EPR line broadening approach has been used to
study the bacterial K'-translocating protein KtrB.* Proteins of
this superfamily of potassium transporters are found in archaea,
bacteria, fungi, plants, and trypanosomes. They are involved in
the uptake of K" and Na® by the cells. CW-EPR dipolar
broadened data obtained for doubly labeled variants of KtrB in
the presence and absence of K" ions have provided valuable
structural models for the open and closed state conforma-
tions.*®

For longer distances, pulsed DEER spectroscopy has proven
to be a very powerful and popular structural biology technique
for measuring longer-range distances (20-80 A).13’89 In DEER,
one set of spins are monitored and another set of spins are
excited with a second microwave frequency leading to the
measurement of the coupling between the two spins and thus
the distance between them. DEER can probe the structure of
biomacromolecules, globular proteins, membrane proteins,
oligomerization states, and RNA.'*¥7°* 1n addition to
measuring distances, DEER at high field can be used to
measure the relative orientation of the spins.”> DEER provides
long-range structural distance constraints of the protein
backbone and information about the conformational mobility
in specific loop regions.96 However, in some cases, the high
effective concentration in the two-dimensional environment of
membrane systems develops a strong background contribution

5973

imposing severe limits on sensitivity, distance range, and
experimental throughput.”” Recent studies have reported an
increase in sensitivity in DEER measurements for proteins
when the experiment was performed at Q-band when
compared to X-band.”*™'°" Also, Hubbell and co-workers
have used a rigid nitroxide side chain RX to minimize the spin-
label motion for more accurate distance measurements.'®> The
RX side chain can be generated by a facile cross-linking reaction
of a bifunctional methanethiosulfonate reagent with pairs of
cysteine residues at positions i and i + 3 or i and i + 4 for an a-
helix and at positions i and i + 2 for a f-strand, or with cysteine
residues in adjacent strands in a f-sheet. The protein
fluctuation dynamics and spin-label rotameric motions make a
significant contribution to the DEER distribution width. With
the development of molecular dynamics simulations, recently
Jao et al.'® and Hirst et al.'® have used DEER distance
restraints to refine the secondary structure of membrane-
associated proteins. These methodological developments have
made DEER a powerful spectroscopic tool for solving several
pertinent biological problems.

DEER has been used to identify the curved a-helical nature
of the transmembrane region of the C99 amyloid precursor
protein in proteoliposomes as shown in Figure 9.'% C99 is a
transmembrane carboxyl-terminal domain of the amyloid
precursor protein that is cleaved by y-secretase to release
amyloid-f polypeptides that are involved in Alzheimer’s disease.
Two MTSL spin-labels were generated at the ends of the
transmembrane domain (TMD) of C99 (residues 700—723).
The dual-spin-labeled C99 protein was reconstituted into
LMPG micelles and POPC/POPG liposomes. The distance
distributions were obtained by analyzing the time evolution
DEER data. The identical distances obtained for both LMPG
micelles (33.5 + 1.2 A) and POPC/POPG liposomes (34.5 +
0.5 A) verify that the TMD attains similar curvature in
liposomes and in micelles. The curved nature of the TMD is
very important for interactions of C99 with p-secretase.
Additionally, CW-EPR power saturation data were used to
conform the spanning of TMD of C99 and revealed that the N-
and C-helices are associated with the membrane surface.

Another recent example using SDSL—EPR distance methods
is on the cardiac Na*/Ca*" exchange (NCX1.1) system.'*® The
cardiac Na*/Ca®" exchange protein is an antiporter membrane
protein that removes calcium from cells. The exchanger is
regulated by binding of Ca®" to its intracellular domain, which
contains two homologous Ca®* binding domains (CBD1 and
CBD2). NMR and X-ray crystallographic studies have provided
the structures for the isolated CBD1 and CBD2 domains and
the corresponding effect of Ca®* binding on their structures and
motional dynamics. However, structural information was not
obtained for the entire Ca** binding domain (CBD12) and the
effect of Ca** binding on its structure and dynamics. These
questions were addressed using SDSL—EPR methods.'®® EPR
measurements on singly labeled constructs of CBD12 were
used to identify the regions that undergo dynamic changes
upon Ca’" binding. DEER measurements on a dual-labeled
construct of CBD12 indicated that the f-sandwich regions of
the CBD1 and CBD2 domains are widely separated at their N-
and C-termini and are largely insensitive to Ca** binding.
Additionally, the authors used DEER distance restraints to
construct structural models for CBD12 in the absence and
presence of Ca?".'® These structural models indicated that
there is not a major change in the relative orientation of the two
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Figure 9. DEER data used to identify the curvature helicity of the transmembrane region of amyloid precursor protein (C99) in a POPC/POPG
vesicle system. (A) Topological illustration of C99 with respect to a lipid bilayer. (B) X-Band DEER time domain data at 80 K for C99 that was spin-
labeled at the ends of its TMD (at sites 700 and 723). Data are shown for WT C99 and also C99 that was additionally subjected to Gly-to-Leu
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Figure 10. Secondary structure model of Na*/proline transporter PutP of E. coli. Putative TMs are represented as rectangles and numbered with
Roman numerals; loops are numbered with Arabic numerals starting from the N-terminus. Adapted from ref 110 with permission.

Ca’" binding domains as a result of Ca** binding in the
NCXI1.1 isoform.

Another excellent example for measuring distance constraints
with DEER spectroscopy is the Na*/proline transporter PutP E.
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coli system."” Na*/proline transporter PutP of E. coli is a
prokaryotic member of the sodium solute symporters (SSS)
family. Proteins of this family utilize a sodium motive force to
drive uphill transport of substrates such as sugars, amino acids,
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vitamins, ions, myoinositol, phenyl acetate, and urea. A
secondary structure model of Na*/proline transporter PutP of
E. coli (Figure 10) has been predicted on the basis of a gene
fusion approach, Cys accessibility analysis, site-directed spin-
labeling, and site-specific proteolysis."®* "' Hilger et al. used
SDSL—DEER distances to determine the backbone structure of
transmembrane domain IX of Na'/proline transporter PutP of
E. coli.'”” Transmembrane (TM) domain IX appears to line the
translocation pathway and is involved in ligand binding and
transport. DEER distance distribution measurements for 16
pairs of spin-labels were used in helix—loop—helix modeling to
predict the kinked helical structural models of TM domain IX
of PutP. The kink in the TM domain is associated with a hinge
that allows the protein to open and close during substrate
binding."”” DEER has also been successfully used to study the
tetrameric potassium ion channel KcsA to measure pertinent
distances and the orientation of the spin-label.""" The examples
discussed above clearly show the power of SDSL—DEER
techniques to solve significant biological problems.

Protein—Protein Interactions. Protein—protein interac-
tions are involved in almost all biological processes such as
immune responses, cell signaling, translocation, and regula-
tion.''> EPR spectroscopy is a powerful technique for studyi g
protein—protein interactions and oligomerization states. '
When a spin-labeled molecule is mixed with its binding partner,
the EPR spectrum constitutes a linear combination of spectra
representing the bound and unbound components. The
fraction of each state can be extracted by the numerical
decomposition of the spectrum.'’®> DEER spectroscopy has
emerged as a very powerful tool for measuring the distance
between two spin-labeled binding sites in a protein—protein
complex.""*""> A detailed application of site-directed spin-
labeling EPR for studying protein—protein interactions can be
found in previous reviews.”’

A recent example of the application of CW-EPR and DEER
spectroscopy to study complicated protein—protein complexes
is the interaction of cdb3/AnkD34 proteins."'* The ankyrin
family of adaptor proteins serves critical functions in cells by
linking the lipid bilayer to the spectrin-actin-based membrane
skeleton as well as assembling proteins in specialized membrane
domains. CW-EPR and DEER spectroscopy were used to map
the binding interfaces of these two proteins in the complex and
to obtain interprotein distance constraints to build a structural
model.'** Another good example is the ATP-binding cassette
transporter in association with antigen processing (TAP),
which participates in the adaptive immune defense against
infected or malignantly transformed cells. This system trans-
locates proteasomal degradation products into the lumen of the
endoplasmic reticulum for loading onto MHC class 1
molecules. Herget et al. used CW-EPR spectroscopy to reveal
conformational details of the bound peptides and DEER
spectroscopy to determine distances in dual-labeled peptides
bound to TAP."'® Also, James et al. used saturation transfer
electron paramagnetic resonance (ST EPR) spectroscopy to
probe the homo- and hetero-oligomeric interactions of the
sarcoplasmic reticulum Ca-ATPase (SERCA) and phospho-
lamban (PLB).""”

B UNPAIRED SPINS IN BIOLOGICAL SYSTEMS

Many systems in nature contain unpaired electron spin and as
such can be studied natively using EPR methods. These
systems range from enzymes that function via transient radical
intermediates to those containing stable unpaired electron spins
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and transition metals. Because the electrons being observed
often participate intimately in biological processes, EPR
methods can reveal pertinent structural information for these
systems. In this section, because of the significant overlap of
EPR techniques used to examine naturally occurring radicals
and transition metals, we survey selected examples of organic
radical-based and transition metal-based systems that offer
illustrative examples of the biological questions that can be
answered using EPR spectroscopy.

Naturally Occurring Radicals. Throughout nature,
organic-based radicals are utilized in enzymatic reactions and
electron transport. Some can be persistent, like the tyrosine
residue (Yp) in photosystem II, but most cycle as part of the
function of the system and as such can be short-lived. The most
common biological radicals are those stemming from amino
acid residues such as tyrosine and tryptophan, cofactors such as
flavins, and pigment molecules such as chlorophylls.''® These
systems typically contain one unpaired electron spin residing
most often in an aromatic molecular orbital. Organic systems
containing one unpaired electron spin rarely have g values that
deviate substantially from that of a free electron, and as such, at
the most common frequency used in EPR, X-band (9 GHz),
the EPR spectra are typically dominated by hyperfine
interactions. Because of this, it can often be difficult to resolve
any small orientation dependence that is present in the g values
using typical EPR spectrometers. However, access to higher-
field, higher-frequency instruments is becoming more common,
and as such, these small anisotropies in the g values are being
determined more frequently.""®""” The deviation of the g
values can be characteristic of a given system, and as such, they
can be used to gain information about the identity and
environment of the electron spin. In cases where the g values
can be resolved, the span and skew for the spectrum can be
determined on the basis of the canonical g values. These values
give the breadth and overall symmetry of the signal."'® The
various commonly observed biological radicals give relatively
characteristic values, and as such, the high-field EPR spectrum
can indicate the origin of a radical where a typical X-band EPR
spectrum would not be able to resolve any g values, rendering
these different radical systems indistinguishable. In the
following sections, we will show several illustrative examples
of how EPR and related methods have been used to answer
important biological questions in systems containing organic-
based biological radicals. For a more extensive treatment of this
topic, we refer the readers to a recent review by Stoll.''®

Phycocyanobilin:Ferredoxin Oxidoreductase (PcyA).
Phycocyanobilin:ferrodoxin oxidoreductase (PcyA) catalyzes
the reduction of biliverdin to (3Z/3E)-phycocyanobilin via a
four-electron process."'”'*' The conversion of biliverdin to a
variety of other compounds that have wide ranges in light
absorption profiles allows cyanobateria to capture a range of
light greater than that captured by plant systems. This system
functions via a two-step, four-electron reduction with 181,182-
dihydrobiliverdin (DHBV) as the intermediate in the reaction.
It was shown that this process proceeds via short-lived radical
intermediates (on the time scale of minutes) and that long-
lived, stable radical intermediates could be produced with
certain mutations near the active site of the enzyme. Because no
significant DHBV was detected in these mutant systems, it was
likely that the trapped intermediate corresgponded to the one-
electron-reduced biliverdin intermediate."'*~"*'

As mentioned above, the small amount of g anisotropy
present in many biological radicals precludes the precise
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determination of the g values by conventional low-field, low-
frequency EPR. Such is the case for the radical intermediate in
the PcyA reaction as can be seen in Figure 11. The X-band (9.6
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Figure 11. EPR spectra and corresponding simulations at three fields
and frequencies of the radical intermediate in the phycocyanobilin:-
ferredoxin oxidoreductase system. As the frequency increases, what is
an isotropic signal at X-band eventually becomes much better resolved,
allowing for the determination of all three g values. Reproduced with
permission from ref 119. Copyright 2009 American Chemical Society.

GHz) EPR spectrum of the PcyA intermediate is very nearly
isotropic. However, at D-band (130 GHz), the signal is axial
with poorly resolved g, and g, values. At a very high field and
frequency (406 GHz), the signal is still somewhat axial, but the
g and g, values exhibit greater separation. A simulation of the
high-field spectrum was able to extract the three principal g
values with a great deal of certainty. While these results are
informative, they do not yield information regarding the
orientation of these g values with respect to the molecular
frame. To elucidate the orientation of the g values, the
researchers undertook a series of single-crystal rotation
experiments. In these experiments, collected at D-band, three
samples were prepared each aligned along one of the principal
crystallographic axes. Successful simulation of the data
determined the orientation of the principal g values in relation
to the molecule frame. With the g values and orientation in
hand, the researchers undertook a series of density functional
experiments using all possible protonation states for the radical
intermediate. Density functional calculations use a quantum
mechanical approach to determine a molecular orbital model
from a particular basis set and molecular structure. This
quantum mechanical model can help predict the EPR
parameters such as hyperfine couplings and the magnitude
and orientation of the principal g values. The primary factor
that gives rise to deviations in g values away from that of the
free electron value is spin orbit coupling within the molecule.
Spin orbit coupling is the interaction between the unpaired
electron spin and low-lying unoccupied excited states. Spin
orbit coupling for a given degree of electron spin density on an
atom increases as the atomic number increases, and as such,
oxygen atoms within a molecule typically dominate the spin
orbit coupling in organic biological radicals. When the
predicted parameters from these calculations were compared
with the values obtained from the high-field and single-crystal
EPR studies, it was determined that the radical intermediate in
the reaction was likely protonated at both the A- and D-ring
carbonyl oxygens. This prediction carried with it mechanistic
implications. The suggested protonation states consistent with
the EPR data suggest a proposed mechanism in which one of
the intermediates in the first two-electron reduction step
consisted of a cationic radical with both terminal oxygen atoms
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in a protonated state. This study offers a powerful example in
which the combination of EPR techniques has shed light on the
chemical mechanism of an important biological system.''”

Ribonucleotide Reductase. Perhaps the most well-
characterized naturally occurring radicals (tyrosine, tryptophan,
and cysteine) are those in the various forms of the
ribonucleotide reductase (RNR) family of enzymes.'”* The
RNR family of enzymes catalyzes the conversion of
ribonucleotides to the deoxyribonucleotides that are used in
the synthesis of DNA in every living organism. In this review,
we will focus on the class 1 RNR systems that consist of two
subunits, R1 and R2. The ribonucleotide reduction reaction is
thought to proceed via the creation of a tyrosine radical in the
R2 subunit by the diiron center in the R1 subunit, followed by
an electron transfer reaction creating a thiyl radical near the
substrate binding site and the subsequent reduction of the
ribonucleotide.'>® This radical was first identified not by the
high-field methods described above but by monitoring the
change in the EPR signal following the isotopic “H labeling of
the f-proton positions of the tyrosine residues in the
system.**'*> At the time, high-field EPR instruments were
not common, and as such, a detailed analysis of the signal was
not conducted until years later. As in the case of the PcyA
system discussed above, eventually, EPR examinations of this
system have benefited greatly from high-field, high-frequency
investigations.'>'?® High-field single-crystal EPR methods
were used to determine both the precise canonical g values and
the orientation in crystals that had been soaked in H,O, to
generate the radical intermediate (Figure 12)."*” The results
showed that the tyrosyl group was tilted slightly when
compared to the results from the resting state crystal structure,
suggesting that the formation of the radical is accompanied by
the loss of a hydrogen bond and a shift of the position of the
residue that could prove to be critical in the shuttling of
hydrogen atoms to and from the residue.'”’

In addition to the information that the g values have
provided, the determination of the various hyperfine inter-
actions within the tyrosine radical has yielded insight into the
function of the system. The two f-protons of the tyrosine
radical in RNR have isotropic hyperfine interactions that are
sensitive to the dihedral angle of that position in the molecule
and as such have been a good reporter of structure. These
hyperfine interactions are difficult to resolve in the EPR spectra;
however, they can be directly observed by techniques such as
ENDOR. The examination of these hyperfine interactions led
to the discovery that several RNR enzymes from different
organisms show a variance in the hyperfine pattern for these
two f-protons. Differences in these hyperfine couplings have
correlated with differences in the allosteric regulation of the
various classes of RNRs. This suggests varying local structures
for the tyrosine radical might have important implications for
tuning the reactivity of the enzyme.'*

Other Important Biological Systems. While the short
format of this review precludes a significant overview of the
literature, we would like to mention several other systems in
which EPR has been used to help solve pertinent biological
problems. Quinone-based electron transport systems have been
extensively studied using EPR and ESEEM, and these studies
have helped shed light on the important Q-cycle in the complex
I family of membrane-bound electron transport systems."*
EPR methods have also been used to further the understanding
of the roles of the two redox active tyrosine residues within
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Figure 12. These data show the single-crystal rotation of the H,O,-
induced tyrosine radical intermediate in ribonucleotide reductase.
From the results, the researchers were able to determine the
orientation of the tyrosine side chain within the crystal, which is
slightly rotated from X-ray diffraction structure of the resting state.
Reproduced with permission from ref 127. Copyright 2003 National
Academy of Sciences.

photosystem IL.">" Many biological cofactors have also been
studied using EPR such as chlorophylls, flavins, and others.!®

Metals in Biological Systems. Each year, more and more
biological systems that depend on metals for proper function
are discovered. These metals can play structural roles but more
often participate in redox reactions and electron transfer. As in
the previous section, this topic could easily fill a textbook. As
such, we will focus on several illustrative examples in which
EPR was used to answer difficult questions in metalloenzymes.

Oxygen-Evolving Complex (OEC) in Photosystem II
(PSII). Photosystem II is a multisubunit membrane-associated
enzyme system that catalyzes the light-driven oxidation of two
molecules of water to molecular oxygen, releasing four protons
that help fuel the pH gradient that drives ATP synthesis and
four electrons in the form of reducing equivalents that
eventually participate in the reduction of carbon dioxide to
sugar. This reaction proceeds in a light-driven fashion in which
the absorption of individual photons causes the stepwise
oxidation of the OEC and the concomitant release of molecular
oxygen. The pattern of this cycle was first described by Kok as a
series of five “S” states in which S, is the dark stable state and S,
spontaneously decays to S, releasing oxygen. The water
oxidation chemistry occurs at the OEC that consists of four Mn
atoms and one atom each of calcium and chloride (Figure
13).132133

In the early 1980s, an EPR signal was discovered in
chloroplast membranes that had been exposed to a single
high-intensity laser flash.**"3% The multiline signal (g = 1.96)
consisted of approximately 16 hyperfine lines and was similar to
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D1-H332

Figure 13. X-ray crystal structure of the metalloenzyme core of the
oxygen-evolving complex (PDB entry 3ARC)."** Atoms are colored as
follows: Mn, purple; Ca, yellow; O, red. This figure was prepared using
VMD.*

that which had been observed in Mn dimer compounds with
bridging oxygen ligands. While it was known that the Mn
within the system was essential for water oxidation, the
similarity of this light-induced spectrum with that of dinuclear
Mn compounds shed light on the possible structure of the
cluster. The ground state of the species in the S, state that gives
rise to the multiline signal was determined to arise from an S =
!/, ground state, meaning that the coupling of the Mn atoms
within the cluster was such that there was only one net
unpaired electron in the ground state molecular orbital. The
span of the spectrum, when compared to those of the Mn
model compounds, suggested that there were possibly more
than two Mn ions giving rise to the multiline signal. In addition
to the multiline signal, a second signal at g = 4.1 was discovered
that arose from a separate S = %/, species.">*""*° The discovery
and analysis of hyperfine lines in the g = 4.1 signal in the
presence of ammonia suggested that all four Mn atoms
participated in both the g = 4.1 signal and the multiline signal
and suggested that the two signals stemmed from two separate
electronic states of the OEC that were in equilibrium."*° It has
recently been suggested that this interconversion between the
multiline and g = 4.1 signals could involve a shift within the
bridging oxygens of the OEC from one Mn to another.'*'

Several years later, another multiline signal was discovered
that was associated with the S, state of the OEC."**'* Like the
signal associated with the S, state, this signal was centered near
g = 2 and had an appearance similar to that of Mn dimer
compounds. The presence and appearance of these two
multiline signals, separated by two laser flashes, provided a
great deal of evidence of Mn-centered oxidation on the S;—S,;
and S,—S, transitions as well as the potential oxidation states of
the Mn within those states.

In addition to the traditionally detected perpendicular mode
EPR signals discussed above, a signal was discovered for the S,
state in parallel detected EPR experiments.'** Parallel mode
EPR has different selection rules and, as such, can detect
transitions that perpendicular mode EPR cannot. It is typically
used to observe integer-spin systems that would otherwise be
EPR silent. This signal was again shown to arise from the OEC
based on observed hyperfine interactions."* In all, each of the
S states with the exception of Sy and S, (which has not been
trapped because of its short-lived nature) has been charac-
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terized by EPR spectroscopy with insight into the nature of
each of the catalytic steps gleaned from the data.

While EPR spectra can sometimes detect interactions
between an unpaired electron spin and other electrons and
nuclei in their vicinity, those interactions are often lost in the
large inhomogeneously broadened EPR spectra of transition
metal systems. To observe these interactions, it is often
necessary to use more sophisticated pulse and CW-EPR
methodologies. Several of these methods have been very useful
for examining the environment of the OEC, particularly
ESEEM and ENDOR.

The multiline signal associated with the S, state of
photosystem II has been investigated with **Mn ESE-
ENDOR."*'*” The pattern of multiline signal arises from
the coupling between the S = '/, electron spin and all of the
nuclei in its vicinity, with the isotopically prevalent **Mn I =3/,
nucleus being the dominant interaction. Coupling to the four
Mn atoms within the cluster gives rise to 1296 (6*) potential
transitions at a given orientation. This is further complicated by
the anisotropy in the g tensor and the hyperfine parameters for
each of the four Mn nuclei. These essentially infinite numbers
of transitions overlap, giving the relatively information poor line
shape that consists of 18—20 features. As such, the
interpretation of this spectrum led to several sets of hyperfine
parameters that each adequately fit the experimental data, each
having different consequences for the electronic and chemical
structure of the OEC.'**7"% In an impressive set of
experiments, the Britt laboratory removed the ambiguity in
these various parameter sets by conducting a series of high-
frequency **Mn ENDOR experiments. The hyperfine coupling
between the unpaired electron spin and the four Mn atoms is
quite strong and much larger than the **Mn Larmor frequency
at X-band. This means that in the ENDOR spectrum, the
appearance will be dominated by the hyperfine interaction, with
peaks occurring at half the hyperfine coupling. This gives rise to
the ENDOR spectra shown in Figure 14. These spectra allowed
the simultaneous fitting of both the relatively information poor
CW-EPR spectra along with the **Mn ENDOR spectra. While
there were multiple interpretations that could adequately fit the
CW-EPR spectra, only one of the sets of values also fits the
Mn ENDOR spectrum. When combining the hyperfine
coupling pattern (factoring in the projection factors based on
the oxidation states of the Mn) and the ] couplings between the
antiferromagnetically coupled oxo-bridged Mn atoms, the
researchers came up with a proposal of a strongly coupled
trinuclear core with a third more weakly coupled Mn and the
possible arrangements of the oxidation states of the Mn within
the cluster. These interpretations were verified when crystal
structures emerged with a rough trimer—monomer pear shape
to the electron density.'”' This study demonstrated the
powerful potential of EPR to yield structural information for
complicated multinuclear clusters. Recently, a higher-field **Mn
ENDOR study has been conducted in both the S; and S, states
with structural implications discussed in light of a recent high-
resolution crystal structure.'>>

In addition to the studies mentioned above, ESEEM and
ENDOR techniques have been very powerful in determining
ligand identity to the OEC. Through '°N-labeled ESEEM
experiments, it was shown before any crystal structures were
present that a histidine residue was directly ligated to the
cluster.'>*'** Further experimentation over the years involving
multifrequency ESEEM studies has shed light on the hyperfine
couplings of the directly bound and second nitrogen of the
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Figure 14. Shown in this figure are the *Mn ESE ENDOR data
collected by the Britt laboratory and the corresponding simulations
using the hyperfine parameters from various predictions based on the
multiline signal. The utility of using combined EPR methods is
apparent as each of these sets of parameters can adequately simulate
the multiline EPR signal in the S, state of the OEC, and only the Britt
values can be used to adequately simulate the **Mn ESE ENDOR
spectrum. Reproduced with permission from ref 147. Copyright 2000
Annual Reviews.

imidazole ring and the nature of the histidine ligation to the
OEC.">*™"7 More recently, controversy about whether the C-
terminal end of the D1 protein was directly ligated to the OEC
was settled with EPR methods. Detection of a '*C coupling in
samples prepared with alanine labeled with *C at the
carboxylate position provided direct evidence of the many
Fourier transform infrared examinations that had suggested this
ligation.">”"*® In addition, preparing samples with “H-labeled
water or '7O-labeled water has allowed EPR to determine how
many waters are bound at the various states within the S
cycle."3*'%° Careful analysis and simulation of the ENDOR and
ESEEM data of PSII poised in the S, state with 'H- or *H-
labeled water led to the suggestion that one water molecule was
likely directly ligated to the cluster with a second at a longer
distance, possibly ligated to the Ca within the OEC."’

FeMo Cofactor of Nitrogenase. Nitrogen fixation is the
process by which N, is reduced to two molecules of ammonia
and is catalyzed by an enzyme system known as nitrogenase.
This system consists of two parts, an electron delivery system,
the Fe protein, which delivers an electron upon the hydrolysis
of two molecules of ATP, and the second part, the FeMo
protein, which contains an iron—molybdenum cluster in which
catalysis takes place.'"'®> Figure 15 shows the X-ray crystal
structure of the FeMo cofactor of nitrogenase.'® Despite
intense work for decades, there are still many unanswered
questions about this complex system. However, EPR methods
have shed light on much of what is known about this system. As
with PSII, many of the intermediate states have EPR spectra
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Figure 15. X-ray crystal structure of the FeMo cofactor of nitrogenase
(PDB entry 3U7Q).*® Atoms are colored as follows: Mo, magenta;
Fe, silver; S, yellow; interstitial light atom, black. This figure was
prepared using VMD.>°

that by themselves are informative and also allow techniques
such as ENDOR to be used to further characterize the system.
There are a large number of EPR spectra that have been
generated from the Fe and FeMo proteins after then have been
subjected to different conditions. Of greatest interest is the
FeMo cluster in which the nitrogen fixation chemistry occurs.
As isolated, this cluster exists as a rhombic S =/, system with g
values of 4.32, 3.64, and 2.00."°* However, most importantly,
these EPR signals associated with the nitrogenase system yield
unpaired electron spins that can be used for techniques such as
ESEEM, ENDOR, and HYSCORE.

Several of the substrates and inhibitors that bind to the FeMo
cluster have been characterized in various states using ENDOR
by the Hoffman lab. Of great interest are the natures of the
intermediate states in the reaction, as they represent snapshots
of the chemistry that is occurring during the reduction of N,.
The first study that we will discuss is an EPR-ENDOR
examination of the CO-inhibited state. This state is produced
under turnover conditions in a CO atmosphere and has two
signals that appear depending on the CO pressure. The results
of this study showed that one CO molecule bound to the
cluster at low CO pressures, while two were bound at high
pressures. These results were accomplished by using
13C0.'%5% Because of the strong g anisotropy of the EPR
signal, both the isotropic and anisotropic components of the
hyperfine interactions were determined. When the g anisotropy
is well-resolved, techniques like ENDOR can be conducted as a
function of the magnetic flied across the EPR envelope. The
resulting ENDOR spectra show single-crystal-like orientation
dependencies that can allow both the determination of the
anisotropic hyperfine interactions and their orientation
compared to the g value frame. When the results for the low-
pressure system were compared to those of other CO-M bound
systems, it was determined that there was likely a single CO
molecule bridging two Fe atoms via the *C atom. When the
pressure was increased, two CO molecules were detected that
were bound to Fe atoms within the cluster through the *C
atoms in a nonbridging arrangement. They were also able to
suggest the likely location of the binding as the “waist” portion
of the FeMo cluster.'®®

Studies of inhibited intermediates occurred first because of
their relative ease of preparation. However, true intermediates
along the N, reaction pathway were more difficult to prepare as
they are typically very short-lived. To trap some of these

5979

intermediate states, researchers used a clever combination of
targeted mutations, rapid freeze quench techniques, and
isotopic substitutions. By creating several key mutations,
supplementing the sample with various intermediate state
analogues and freeze quenching the system under turnover
conditions, the researchers were able to examine their
interaction with the FeMo cluster. Several EPR methods were
combined to give insight into the intermediate states and the
general reaction pathway. The researchers used a double
mutant of the enzyme that allows the system to be trapped in
an intermediate state.'”” They then used three different
substrates (**N,H,, *N,H,, and *’N=N-CH,) (MD) and
characterized the trapped intermediate with each of these
substrates using "N ReMims ENDOR (Figure 16). The results

Figure 16. "N ReMims ENDOR spectra of a trapped intermediate
state in the nitrogenase enzyme with 15N2H4, SN,H,, or SN=N-
CH; (MD). The data show a single intermediate common to each of
the added substrates. Adapted with permission from ref 167.

showed that each of these substrates shared a common trapped
intermediate state. This was taken as evidence that each of
these intermediates plugs into the common reaction pathway
from N, to 2NH;. These results also suggest that the most
likely reaction pathway for nitrogen fixation is used in a manner
in which protons are added alternately to each nitrogen from
N, as opposed to the so-called “distal” mechanism in which
three protons are added to the first nitrogen, releasing one
molecule of NH; followed by the hydrolysis of the second
nitrogen.

Metal Replacement. While there are large numbers of
EPR active metal-based systems within nature, there are still
many that are EPR silent because of the identity of the metal.
Of particular importance in nature are Mg and Zn. Many
systems require Zn for function. Because Zn(1I) is a d' system,
there are no unpaired electrons to study using EPR. However,
many of these systems can be functionally substituted with
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Co(Il), giving an EPR active probe within the system. One
important biological system that has been studied in this
manner is the metallo-f-lactamase family of enzymes.'®®'%
These enzymes are a primary target for antibiotic drug design
and have been well characterized by the replacement of Zn(II)
with Co(II) for EPR studies. Another system in which metal
replacement has allowed for extensive EPR studies is the
interaction of nucleic acids with Mg**. While Mg>" is EPR
silent, it can be functionally replaced with Mn*', giving a
spectroscopic probe that has been extensively utilized to help
understand the role of the counterion in the structure and
function of nucleic acids."”®

B CONCLUSION

In this review, several key examples were provided to show
biological researchers that EPR spectroscopy is a powerful
biophysical technique that can be used to answer important
biological questions. EPR spectroscopy can be used to
complement existing structural biology methods or provide
pertinent information when traditional techniques cannot be
used.
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