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Use of EPR spectroscopy to
study macromolecular structure
and function

ROOPA BISWAS, HENRIETTE KUHNE, GARY W. BRUDVIG AND
VENKAT GOPALAN

Electron paramagnetic resonance (EPR) spectroscopy is now part of the
armory available to probe the structural aspects of proteins, nucleic acids
and protein—nucleic acid complexes. Snce the mobility of a spin label
covalently attached to a macromolecule is influenced by its microenviron-
ment, analysis of the EPR spectra of site-specifically incorporated spin
labels (probes) provides a powerful tool for investigating structure—func-
tion correlates in biological macromolecules. This technique has become
readily amenable to address various problemsin biology in large measure
due to the advent of techniques like site-directed mutagenesis, which
enables site-specific substitution of cysteine residues in proteins, and the
commercial availability of thiol-specific spin-labeling reagents (Figure 1)1.
In addition to the underlying principle and the experimental strategy,
several recent applications are discussed in thisreview.

A. Theory

A.1. Introduction to EPR spectroscopy

If a compound containing unpaired electrons, such as an organic
moleculewith afreeradical, isexposed to an external magnetic field,
the energy levels accessible to the unpaired electronic spin are split
by that field. Since an electron features aspin of S= 1/2, two energy
levelsare possible: Mg =-1/2, the low-energy state, and Mg = +1/2, the
high-energy state. As the field strength is increased, the energy dif-
ference between these two statesincreases linearly. This phenomenon

Roopa Biswas and Venkat Gopalan [E-mail: gopalan.5@osu.edu] are based at the
Department of Biochemistry, The Ohio State University, Columbus, OH 43210-1292,
USA. Henriette Klihne and Gary Brudvig work at the Department Chemistry, Yale
University, New Haven, CT 06520-8107, USA. The current address for Henriette Kiihne is
The Scripps Research Institute, La Jolla, CA 92037, USA.

45



5
A
Protein-SH —_— N + HS OZCH 3

o
LT )
B 8 5 + HSO,CH
N + 273

1 |
5 OP-0-G-RNA—Y T, g’ 0-P-0-G-RNA—¥

[ o o
5'\ 5'\
0
o o o~ o [ i
e "\ W
e rrr——
Fh jg<
o N SH o N s—8
Qe W Y et dnd
oy o o 5 [}
Q\\ \\ + HSO.‘,CH3

3 3

Fig. 1. Ste-directed spin labeling. The covalent attachment of (1-oxyl-
2,2,5,5-tetramethyl- A3-pyrroline-3-methyl) methanethiosulfonate (MTS)
spin label to a protein (A) or nucleic acid (B, C) is depicted.

isexploited in EPR spectroscopy, where the compound placed inside
the magnetic field is exposed to constant-frequency microwave radi-
ation. At magnetic-field strengths corresponding to an energy difference
resonant with the energy of the applied microwave frequency, electrons
are promoted from the low-energy to the high-energy state. These
transitions are observed as the absorption of a portion of the micro-
wave intensity. Since these absorptions are fairly broad, an accurate
measure of the spacing between the peaks is usualy obtained by
examining the first-derivative spectrum. Therefore, EPR spectra are
conventionally recorded as the rate of change of absorption versus
field strength (Figure 2).

EPR isapowerful and sensitive technique for the study of macro-
molecular structure and function because EPR signals are generated
only by unpaired electrons, which are fairly rare in biological sys-
tems?3. In addition to this fundamental attribute, the widespread use
of EPR for investigating biomolecules could also be ascribed to:
(2) the influence of the local environment and dynamics of the spin-
labeled site on the EPR spectral lineshape; (2) the ease of site-
directed spin labeling (SDSL); (3) the absence of size constraints
(which is a magjor limitation in NMR-based approaches to study
macromolecular structure); (4) the low molecular volume of the spin
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Fig. 2. Variationsin spectral lineshape. EPR spectra of a nitroxide spin
label in aqueous solution at room temperature (A), in glycerol at room
temperature (B), and frozen in aqueous solution (C). All spectra are
scaled to have the same amplitude for the center-field peak and are
therefore not scaled with respect to concentration.

label inducing only modest structural perturbations; and (5) small
sample size requirement (~ 0.1 nmole).

A.2. Ste-directed spin labeling (SDSL)
The concept of attaching a stable organic radical to abiomolecule as
an EPR reporter group was introduced more than thirty years ago*.
Among the various probes available, nitroxide spin labels have
enjoyed widespread use for the study of macromolecular structure
and dynamics because they are extremely stable and feature a sharp,
well-resolved and simple EPR signal.

The highly stable nitroxide radical is usually incorporated into a
heterocyclic ring (such as a pyrrolidine or piperidine) and then co-
valently attached to amacromolecule viaalinker arm (Figure 1); the
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length and flexibility of the linker will influence the mobility of the
spin label incorporated in the biomolecule. Although spin labeling of
proteins can be accomplished through different routes depending on
which functional groupsin the protein serve as the target for deriva-
tization, thiol-specific spin labeling using alkyl-thiosulfonates
remains the most popular on account of their specificity for cysteines
and rapid reactivity under mild conditions in buffered agueous
solutions. For example, the commercially available methanethio-
sulfonate derivative (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-
methyl) methanethiosulfonate (MTS) is covalently attached to a
native or engineered Cys residue in a protein via a disulfide bridge
(Figure 1A) .
Nucleic acids were spin labeled nearly three decades ago
with akylating agents or by modifying reagents that exploited a
unique property such as the presence of 4-thiouridine or an amino-
acyl group in a tRNA157, Recent advances such as in vitro tran-
scription and solid-phase oligonucleotide synthesis have now made
possible sequence/site-specific spin labeling of any RNA or DNA
molecul e8. For instance, the addition of guanosine 5" monophosphoro-
thioate (GMPS) in an in vitro transcription results in enzymatic syn-
thesis of an RNA molecule which could be spin-labeled at its 5” end.
Since GMPS could only substitute for GTP as the initiating
nuclectide, theincorporation of GMPSinan RNA molecule positions
a unique sulfur at the 5’ terminus which can be spin labeled with
MTS (Figure 1B)8. Using this approach in conjunction with circular
permutation, nitroxide spin labels can be incorporated at any desired
position in an RNA molecule. Circular permutation is an elegant
approach to create new termini in amolecule. Using the polymerase
chain reaction, DNA templates can be generated which when tran-
scribed result in circularly permuted RNAS that are variants of the
wild-type molecule in that they possess new 5" and 3’ termini and
their original 5" and 3" ends are covaently linked®. Severa studies
indicate that circularly permuted RNAs are comparable to the wild
type RNA interms of their overall structure and function; in fact, this
approach has been used effectively to introduce crosslinking reagents
as well as spin labels in RNAs*1, |n an dternative strategy, a 2’
amine incorporated at a specific site during solid-phase synthesis of a
DNA or RNA oaligonucleotide could be converted to a thiol-bearing
moiety (by treatment with an activated ester and reducing agent),
which could then be modified using aM TS derivative (Figure 1C)12.
Regardless of the labeling procedure, subsequent gel filtration or
dialysis procedures are necessary to remove excess, unreacted spin
label. Moreover, the modified protein or nucleic acid should always
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be tested for functional activity to ensure that the structural pertur-
bation introduced by the spin label is not detrimental for function.

A.3. Lineshape analysis: Biological applications

The rate of rotation (or tumbling) of the spin label influences the
lineshape of its EPR spectrum. Therefore, the EPR signal of a spin
label covalently tethered to abiomolecule can yield arange of infor-
mation about its structural environment. Spin labels serve as excel-
lent probes of solvent accessibility, local geometry and flexibility, as
well as structural changes induced by a chemical or physical event.
Moreover, spin labels can be utilized to measure intra- and inter-
molecular distances in macromolecular assemblages by dipolar EPR
methods.

In the nitroxide spin label, the unpaired electron resides in an
orbital associated with the 4N nucleus, which has a nuclear spin of
| = 1. The proximity of this nuclear spin and its three associated
quantum states (M, = -1, 0, and 1) leads to further splittings in the
possible energy levels, yielding three alowed transitions of equal
probability and, consequently, three so-called hyperfine linesin the
EPR spectrum of the nitroxide radical (Figure 2A).

If the nitroxide spin label isfreely tumbling in solution, it exhibits
an isotropic EPR spectrum (Figure 2A). A similar spectrum would
be observed if the spin label were attached to amolecule that is suffi-
ciently small or flexible such that the rotational correlation time ()
of the label is less than or comparable to the inverse width of the
hyperfine splitting, when the splitting in the associated EPR spec-
trum is expressed in frequency units. For nitroxide spin labels, this
fast averaging limit is below 7, ~ 2 ns. In contrast, if the mobility of
the nitroxide spin label isrestricted, alessisotropic EPR lineshapeis
observed due to the unpaired electron of the nitroxide group residing
in a molecular orbital of primarily 2p character along the N-O
bond2. The highly oriented shape of this orbital favors certain dipole
orientations between the electronic spin of theradical and the nitrogen
nucleus, leading to an orientation-dependent hyperfine splitting. A
label attached to alarge molecule with asufficiently slow v, (> 0.1 ms)
will exhibit a broad powder EPR spectrum typical of a completely
immobilized sample (Figure 2C). Depending on the degree of spin
label immobilization, partially broadened spectra may aso be
observed indicating mobility on an intermediate time scale (Figure
2B). Generally, broadening of the peaks in an EPR spectrum is
indicative of immabilization of the spin label, whereas sharpening of
the peaks points to an increase in label mobility. The inverse line
width of the central resonance (AH, 1) hasfrequently been employed
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as ameasure of the mobility of the spin label3. Alternatively, since
the amplitudes of the peaks are altered asthe peaks broaden, theratio
of the respective peak-to-peak amplitudes observed for both the low-
field (M, = —1) and center-field (M, = 0) peaks has also been used to
assess the mobility of the spin label.

A.3.1. Solvent accessibility and distance measurements

in macromolecular complexes

Interactions with other paramagnetic species can influence the EPR
behavior of the spin label2. If two paramagnets present in a system
are close to each other (< 25 A), their interaction will influence the
EPR behavior of each individual paramagnetic center. This fact can
be exploited to study solvent accessibility and measure intra- and
inter-molecular distancesin macromolecules. The two paramagnetic
species used to study dipolar interactions may consist of organic
radicals (e.g., nitroxide spin labels), naturally occurring protein
radicals (e.g., tyrosyl side chains), or certain transition metal ions
(e.g., biologically relevant forms of iron or copper).

To gain information on tertiary structure, dipolar interactions need
to be quantitated. EPR transitions saturate as the applied microwave
power isincreased, causing the rate of excitation to approach the rate
of spin relaxation. This phenomenon is known as power saturation
and can be quantified as the power required to reach half saturation
(Py/,)- The presence of other paramagnetic species can affect P,,.
For example, the presence of a nearby fast-relaxing transition metal
ion will enhance the rate at which organic radical electrons relax
from the high-energy to the low-energy state, thus increasing the
microwave power that can be absorbed before the transition saturates!4.
Similarly, relaxation enhancement can be observed in saturation—
recovery experiments, where the transition under study is saturated
by a pulse of microwave radiation and the rate of its recovery to the
ground state is measured. The interactions that underlie spin
relaximetry calculations occur through space and vary with the
inverse sixth power of the distance. Inter-spin distances of up to
25 A can be observed routinely between two organic radicals or an
organic radical and a metal-ion center21s, It is noteworthy that the
use of spin relaximetry to calculate intra- or inter-molecular dis-
tances does not suffer from the orientation ambiguities associated
with techniques like fluorescence resonance energy transfer.

The solvent exposure of a nitroxide spin label attached to a Cys
residue in a protein can be measured by examining its collision fre-
guency with another paramagnetic reagent [such as nickel(I1) ethyl-
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enediaminediacetate (NIEDDA) or nickel(ll) acetonylacetonate
(NiAA)] in solution. The P,;, values for the nitroxide in aprotein are
measured both in the absence and presence of NIEDDA or NiAA.
Theincreasein Py, that occursin the presence of NIEDDA or NiAA
is converted into a dimensionless accessibility parameter TT that
hel ps compare the collision frequency of the protein-bound nitroxide
to a reference compound. There should be qualitative agreement in
the patterns of IT and AH,™, the inverse line width of the central
resonance. The solvent-accessible nitroxides, which display high IT
values, are likely to enjoy high mobility which in turn will lead to
high AH, values in the first-derivative EPR absorption spectrum.
The secondary structure of a protein can be deduced by examining
the periodicity of IT and AH, values exhibited by nitroxides incor-
porated individualy at every position in the protein (for example,
see Section B.1.1).

When two spin labels are within ~ 15 A, interspin dipole—dipole
and exchange interactions can produce line broadening, and in some
cases resolved splittings, of the EPR spectrum. The dipole-dipole
splittings vary with the inverse third power of the distance. By using
spectral simulations, the distance between the two labels can be esti-
mated. Such an approach could be used to calculate distances
between defined positions in a macromoleculels. A detailed discus-
sion of these analysesis beyond the scope of thisreview, but aforth-
coming book is devoted to this topict’.

A.3.2. Detection of structural changes

Since the EPR lineshape yields information about the mobility and
structural environment of a spin label, changes in the spectrum
may be observed as structural changes take place. For example, the
EPR signal from a nitroxide spin label attached to a small denatured
protein (in urea) displays an amost isotropic EPR lineshape,
because the limited immobilization of the label is caused by its
attachment to the protein backbone and, possibly, any residual pro-
tein secondary structure. In contrast, the same spin-labeled protein
inits folded state exhibits a much higher degree of spin label immo-
bilization due to constraints imposed by a rigid, native tertiary
structurel31s,

The binding of a cofactor/ligand near the spin-labeled site in an
enzyme/receptor might decrease or increase the degree of spin label
mobility, asindicated by abroadening or sharpening, respectively, of
the EPR lineshape. It is important to note, however, that while
differences in the EPR lineshape of a spin label point to changesin
the structural environment of the spin label, the cause of these
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changes may or may not be located in the immediate proximity of
the spin label.

Itispossibleto follow changesin the EPR spectrum of aspin |abel
as a function of time during processes such as protein folding or
cofactor/ligand binding. The progress of a slow event can be moni-
tored by repeatedly recording spectra as the process occurs. Since it
usually takes at least 30 seconds to record one complete spectrum,
processes occurring faster cannot be monitored by this method.
Spectral changes concomitant with rapid processes can be observed
in real time by monitoring the signal intensity at one field position
over time. For example, as a peak broadens during protein folding,
the spectral intensity at its corresponding field position decreases.
The time resolution of this method is limited only by the initiation
time of the reaction and the data acquisition system employed and
can be made to approach the millisecond time scale by using
stopped-flow EPR8.

While the background information provided above suffices for
thisreport, in-depth descriptions of basic EPR theory can befound in
an excellent textbook on this subject3. Moreover, the structure,
incorporation strategies and applications of various spin labels are
elaborated lucidly in recent reviews?1s,

B. Applications

We review findings from selected studiesto illustrate the applications
of EPR spectroscopy in elucidating protein topography and function,
nucleic acid dynamics and protein-nucleic acid interactionss19.20,

B.1. Mapping protein structure and function
B.1.1. Determination of secondary structures and
topography of proteins
When a segment of a protein is scanned by SDSL, the EPR accessi-
bility parameter I1 displays a periodicity that is usually indicative of
the secondary structure in that segment. For instance, a solvent-
exposed residue in a B-strand will have a higher IT value compared
to its neighboring residue which is likely to be buried. Hence, a plot
of IT versus residue number (corresponding to the 3-strand) will dis-
play peaksand troughswith aperiodicity of 2.0. Similarly, variations
with a periodicity of 3.6 are expected for an a-helix.
aA-Crystallinisamember of the small heat-shock protein family.
It is found in the vertebrate lens where it forms hetero-oligomers
with aB-crystallins and sequesters damaged proteins presumably by
using an oligomeric structure essential for its chaperone activity?L. In
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the absence of structural information, mechanistic insights have
been sparse. The secondary structure and the folding pattern of a
segment of aA-crystallin containing the putative substrate-binding
site were recently investigated by SDSL and EPR spectroscopy?1-22,
A nitroxide spin label was incorporated singly at each of the posi-
tions 60 through 120 and the mobility as well as solvent exposure of
the spin label at each site analyzed. The secondary structure adopted
by this segment of the protein was then deduced from the AH, 1 and
a values, which indicate the mobility of the nitroxide-labeled side
chains and the solvent accessibility of nitroxides to NiEDDA,
respectively. The AH, and IT values exhibit a periodicity of 2.0 in
the regions encompassing the residues 84-90, 93-101, and 110-120
and clearly indicate the presence of three 3-strands in these regions
(Figure 3). The absence of any periodic pattern in the AH; and =
values for residues 90-93 and 102-108 is indicative of these
residues being in unstructured regions.

To ascertain the relative positioning of the three B-strands in the
tertiary structure of aA-crystalin, inter-nitroxide distances were
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Fig. 3. Assignment of secondary structure based on AH, and IT values?.
The segment from 60120 of o/A-crystallin was spin labeled at each
position and the mobility (AH;™) as well as the solvent accessibility (1)
calculated as described in the text21.22. Note the periodicity of 2.0 in the
regions highlighted by yellow color.
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measured for selected pairs of spin labelsintroduced in the 3-strands
of aA-crystallin. The patterns of proximities between various pairs
of nitroxides, calculated using dipolar EPR methods, established that
the B-strands were arranged in consecutive B-hairpins in an anti-
paralel B-sheet?l. Knowledge of this topology provides a structural
basis for understanding substrate binding as well as the chaperone
activity of aA-crystalin.

Due to the difficulties inherent in crystallographic studies of
membrane proteins, EPR spectroscopy has frequently been
employed to obtain information on their secondary structure as well
as the topography of individual domains. Studies on lactose (lac)
permease and bacteriorhodopsin represent some of the best examples
of applications of EPR techniques for mapping protein structure.
Escherichia coli lac permease is a hydrophobic membrane transport
protein that catalyzes the coupled stoichiometric translocation of
B-D-galactosides and H*. A wide repertoire of non-crystallographic
approaches including EPR spectroscopy have been successfully
employed to generate evidence for a helix packing model of the
12-transmembrane helices in lac permease202324, These helices are
connected by relatively hydrophilic loops with both the N- and
C-termini on the cytoplasmic face of the membrane. Helix topo-
graphies were identified by EPR studies examining magnetic dipolar
interactions either between various pairs of spin-labeled residues or
between a bound metal ion (engineered into the protein) and a spin-
labeled residue. For instance, a metal-binding site was engineered by
mutagenesi s (R302H/E325H) in single-Cyslac permease derivatives
containing Cys residues in helices Il (residues 55-58), V (residues
148 and 150) or VI (residues 233-235)25. The EPR spectra obtained
in the presence or absence of bound Cu(l1) were used to estimate dis-
tances between the spin-labeled amino acid residue and the bound
Cu(ll). The spin-spin interactions indicated a distance of 12-15 A
between Cu(ll) and residues 57, 58, 148, 233 and 234. Collectively,
the EPR data provided val uabl e evidence to support the helix packing
model and confirmed the proximity of residues which are essential
for substrate-binding and catalysis (Figure 4).

Bacteriorhodopsin (bR) is a transmembrane protein which func-
tions as a light-driven proton pump. Based on electron diffraction
data, a secondary structure model with seven transmembrane helices
was proposed for bR. Since this model was not informative asto the
sizes of the helical segments or their relative orientations, spin-label
relaximetry was employed to elucidate the transmembrane structure
of bR2627, Several single-Cys mutant derivatives of bR were spin
labeled and shown to be functional (i.e., light-dependent proton
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Fig. 4. Intramolecular distances based on dipolar interactions between a
metal-ion center and a nitroxide spin label. A secondary structure
representation of lac permease is provided to show interactions between
Cu(Il) and the various spin-labeled residues. The various helices are
indicated by different colors: Il (cyan), V (red), VII (brown), VIII (green),
IX (yellow), X (pink) and XII (purple), and the Cu(ll) ionisindicated by a
yellow sphere. The distances obtained between the various nitroxides and
Cu(ll) are shown by dotted lines?.

translocation activity) upon reconstitution into vesicles. Power-
saturation EPR spectroscopy was then used to estimate the relative
collision frequency of each spin label (at various positions in the
vesicle-embedded bR) with membrane-impermeant chromium
oxalate (CROX) and freely diffusing oxygen2628. Since CROX is
restricted to the aqueous phase, its collisions are restricted to nitroxides
attached to solvent-exposed Cysresidues. In contrast, oxygen enjoys
solubility in the hydrocarbon bilayer and can collide with aspin label
in the membrane interior. The periodicity reflected in the accessi-
bility of residuesto CROX or oxygen hel ped establish the length and
composition of the transmembrane helices and the loop regions,
aswell asidentify residues at the water-membrane boundary. More-

Use of EPR spectroscopy to study macromolecular structure and function 55



over, pairs of spin-labeled residues were used to establish the proxi-
mity of helices in relation to one another and thereby develop a
comprehensive model of the tertiary structure of bR. Indeed, most
aspects of this model were borne out by the crystal structure of
bacteriorhodopsin?.

Structural investigations of several other membrane proteins (e.g.,
diphtheria toxin and aspartate receptor) have also been performed
using SDSL together with EPR3031, Due to space limitations, these
examples are not discussed here.

B.1.2. Conformational changes relevant for protein
function

The advantages of EPR spectroscopy for investigating protein func-
tion and dynamics have been illustrated most convincingly with T4
lysozyme, a 164-amino acid globular protein containing two
domains connected by a long helix. It catalyzes the cleavage of a
glycosidic bond in a bacterial cell-wall polymer containing alternat-
ing N-acetylmuramic acid and N-acetylglucosamine residues.
Crystallographic studies of wild-type lysozyme and two mutants
(I3P and M6l) revealed different conformations of the proteins2. The
structures of the mutant proteins exhibited a hinge bending absent in
the wild-type protein, and an opening of the active site by 8 A asa
consequence of the relative rotation of the N- and C-terminal
domains about the hinge. EPR spectroscopy was used to test the
hypothesis that the wild-type enzyme has a“ closed” active site and
that the “open” conformation similar to that observed in the I3P or
M6l mutants results upon substrate binding3334. Nitroxide spin
labels were introduced simultaneously into pairs of Cys residuesin
the wild-type protein. In each case, one member of the pair was
selected from the N-terminal domain (residues 4, 25 and 39) while
the other was from a region expected to undergo relative displace-
ment upon hinge bending (residues 60, 61, 64, 71, 109, and 137).
Some of the doubly spin-labeled mutants exhibited an EPR spectrum
which was considerably broadened or sharpened in the presence of
the substrate (Figure 5A). However, the sum of the EPR spectra of
the corresponding singly spin-labeled mutants remained unchanged
(Figure 5B). Taken together, these findings indicate that the broad-
ening or sharpening observed with the doubly spin-labeled mutants
is attributable to intramolecular spin—spin interactions. Quantitative
analysis of the spin-spin interactions between the various nitroxide
pairs in the absence and presence of substrate revealed that their
proximities were indeed atered in the presence of the substrate, pre-
sumably due to a substrate-induced conformational change. For
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Fig. 5. Substrate-induced conformational changesin lysozyme. EPR
spectra of the doubly spin-labeled cysteine-substituted derivatives (A) and
those of the sum of the corresponding individually spin-labeled cysteine-
substituted derivatives (B). The spectra obtained in the presence or
absence of substrate are shown by a bold or light trace, respectively.

(C) A plot of the spin-spin interaction-induced spectral broadening
observed in various doubly spin-labeled Cys derivatives of lysozyme
versus the interspin distances calculated on the basis of the tertiary
structure of lysozyme34. The horizontal bars indicate the range of
distances determined from molecular modeling.

Use of EPR spectroscopy to study macromolecular structure and function 57



instance, substrate binding reduced the distance between residues 22
and 109, and increased the distance between residues 22 and 137
(Figure 5A). Results from this study are consistent with the expecta-
tion that the extent of spin-spin interaction-induced spectral broad-
ening decreased with increasing inter-residue distances (Figure 5).
Moreover, the inter-spin distances calculated based on magnetic
interactions between various nitroxides (attached to Cys residues)
correlated remarkably with those observed in the high-resolution
crystal structure of lysozyme (Figure 5C). Therefore, the EPR data
could be interpreted with confidence to conclude that an 8 A inter-
domain movement in lysozyme occurred during the closed- to open-
state transition coincident with substrate binding34.

B.1.3. Time-resolved structural changes in proteins
Stopped-flow experiments were performed to study the kinetics and
motional dynamics of specific spin-labeled positions in the water-
soluble cytotoxin colicin E135. Specifically, evidence was sought for
the hypothesis that two distinct steps occur during the interaction of
colicin E1 with membranes. Based on the high-resolution solution
structure of colicin A, astructural model of colicin E1 was generated
and spin labelswere incorporated at positions expected to be solvent
exposed or buried in the membrane-bound state. Time-resolved
changesin the EPR spectra confirmed the presence of two first-order
processes with t;, valuesof 6.2 £ 0.4 sand 121 + 2.4 s, respectively.
The EPR data are consistent with a rapid adsorption step and a slow
rate-limiting insertion of transmembrane helices in colicin E1 into
the membrane interior.

B.2. Sructures of nucleic acids and nucleic acid-protein
complexes

Structures and dynamics of several nucleic acids and nucleoprotein
complexesin solution have been studied using EPR spectroscopy. In
these investigations, either spin-labeled nucleic acids were used to
study nucleic acid structure (in the absence and presence of their
cognate ligands) or spin-labeled proteins were used for elucidating
nucleic acid-protein interactions.

B.2.1. Nucleic acid structure

To examine DNA structure and dynamics using EPR spectroscopy,
four 15-mer DNA duplexes containing a central AT tract were spin
labeled in the major groove at different positions'®. Spin-labeled
nucleic acid building blocks that are acceptable as substrates for
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Klenow DNA polymerase were used as part of an elegant chemical
and enzymatic synthesis-based approach to incorporate a spin label
at specific positions in small DNA molecules’. Four modified DNA
duplexes were generated, three with the central sequence AATT and
were spin labeled at positions 4, 5 and 6 with respect to the dyad
axis, while the fourth duplex contained the sequence AAATT and a
spin label at position 3 (Figure 6A)1°. The first three spin-labeled
DNA duplexes yielded nearly superimposable EPR spectra. In con-
trast, the fourth DNA oligomer with the AAA sequence exhibited
significant broadening of the EPR lineshape (Figure 6B). Previous
studies based on electrophoretic mobility assays have revealed that
duplexes containing AAA triplets are structurally distorted due to
bending of the DNA helix36. Moreover, crystal structures of B-DNA
duplexes with AA steps show compression of the major groove’’.
Since the nitroxide spin label was in the major groove of all four 15-
mer DNA duplexes, the broadened EPR lineshape of the AAA
triplet-containing duplex was ascribed to an increased immobilization
of the probe caused by narrowing of the major groove and bending
of the duplex.

Crystallographic studies of E. coli tRNAMét (the initiator tRNA)
and yeast tRNAPre (an elongator tRNA) reveaed structural differences
at the 3’ end in addition to those observed in the anticodon loop38. To
establish that the solution structure of these two functionally distinct
tRNAsareindeed different, anitroxide spin label was attached to the
3’ ends of these two tRNAS®. The differences in the EPR spectra of
these two spin-labeled tRNASs confirm the difference in the micro-
environment of their 3" termini (Figure 7). The spin label at the 3’
terminus of the tRNAMe exhibited lower mobility, presumably
because it was folded over the aminoacy! stem, whereasthat at the 3’
end of the elongator tRNA showed considerable mobility as
expected of aflexible 3’ tail.

B.2.2. Nucleic acid-protein interactions

EcoR | isasite-specific endonuclease and was one of thefirst protein
molecules to be co-crystallized with its cognate nucleic acid
ligand#0. The latter structure is a paradigm for the study of
DNA—protein interactions. Although the high-resolution structure
revealed a kink in the substrate DNA helix, it was unclear whether
this kink was the result of protein-induced conformational changes.
EPR spectroscopy has been used to address this question®l. Three
synthetic 26-mer oligonucleotide sequences with spin labels at
positions 6, 9 and 11 (with respect to the dyad axisin GAATTC, the
recognition site of EcoR 1) were prepared for this study. The
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5'CCACCGAATTCGCCCY'
3'GGLGGCTTAAGCGGGS'

6-DUAP 15mer

§'CCCACGAATTCGCCC?3'
3'GGGLGCTTAAGCGGGS'

5-DUAP 15mer

5'CCCCAGAATTCGCCC3'
3'GGGGLCTTAAGCGGGS'

4-DUAP | Smer

5'CCCCGAAATTCGCCC3'
3'GGGGCLTTAAGCGGGS'

3-DUAFP |5mer

B

8-, 5+, or 4-DUAP ] Smer

T = 5.4 0s

3.DUAP | Smer

Field (Gauss)

Fig. 6. DNA structure and dynamics. (A) The oligonucleotide sequences
spin labeled with 5-[ 3-(2,5-dihydro-2,2,5,5-tetramethyl - 1-oxyl-1-pyrrole-
3-carboxamido)prop-1-enyl]-2"-deoxyuridine (DUAP) at four different
positionsindicated by “ L” (nhumbering is based on the dyad axis). (B) The
EPR spectra of 6-, 5-, and 4-DUAP spin-labeled oligomers (top panel)
exhibit near identical lineshape, while the spectrum of the 3-DUAP
oligomer containing the triplet AAATT sequence exhibits a broadening in
the lineshape (bottom panel). The middle panel is a simulated EPR
spectrum for the 4-DUAP spin-labeled oligomer19.
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tRNAP®

Fig. 7. Sructural variations in tRNAs. Schematic representation of the 3’
termini of the initiator tRNA (tRNAMe) and an elongator tRNA (tRNAPhe),
Note that the ACCA in the initiator is folded over the aminoacyl stem
whileit isfreeto rotate in the elongator tRNAS.

oligomers spin labeled at positions 9 and 11 exhibited no changein
the EPR spectra upon addition of the protein. However, the oligomer
labeled at position 6 showed broadening of the EPR spectrum,
suggesting that distortion of the major groove at this site is induced
by EcoR | binding.

EPR spectroscopy also allows quantitation of nucleoprotein com-
plex formation in solution under physiological conditions. The DNA
binding affinity of bacteriophage fd gene 5 protein has been deter-
mined using EPR spectroscopy42. The binding study involved titra-
tion of the spin-labeled polyA and polyT with the gene 5 protein. An
increase in nucleoprotein complex formation was indicated by the
corresponding broadening of the EPR spectra. The spectroscopic
data were used to calculate the fraction of molecules present as a
nucleoprotein complex which in turn yielded the apparent binding
constants for formation of this DNA—protein complex.

While SDSL of large nucleic acids remains labor-intensive, it is
important to note that nucleic acid—protein interactions can be investi-
gated to alimited extent using spin-labeled proteins and their unlabeled
nucleic acid ligands. An example of such an approach involvesastudy
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of ribonuclease P (RNase P), a ubiquitous ribonucleoprotein (RNP)
essentia for tRNA biosynthesis. E. coli RNase P is comprised of a
catalytic RNA subunit (M1 RNA, 377 nts) and a protein cofactor (C5
protein, 119 aaresidues). To study RNA—protein interactions between
the two subunits of RNase P, severa single Cys-substituted mutants of
C5 protein were modified with MTSL and reconstituted in vitro with
M1 RNA. The low- and center-field peak amplitude ratios indicated
M1 RNA-induced broadening or sharpening of the EPR spectra of the
various spin-labeled C5 protein derivatives. In particular, the EPR
spectraindicated that residues 16, 54 and 66 of C5 protein are located
at or near the M1 RNA-C5 protein interface®3. These results were not
only consistent with previous biochemica studies that identified
residues in C5 protein essential for RNase P catalysis but also pro-
vided the rationae for footprinting experiments. Cys residues, indi-
cated to be at the RNA-protein interface by EPR spectroscopy, when
modified with EDTA-Fe led to a directed hydroxy! radica-mediated
footprint and helped identify nucleotides in M1 RNA at the RNA-
protein interface in the RNase P holoenyzme*.

The dipolar EPR method has been used recently to map inter-
actions between an RNA-binding protein and its cognate RNA
ligand. In this approach, single spin labels are introduced at unique
sites on both the protein and RNA subunits. On eval uating the broad-
ening of the EPR spectra due to the spin—spin splitting that occurs if
the two spin-labeled residues interact magnetically, distances
between residues on the protein and the bound nucleic acid can be
obtained. The interaction between the HIV Rev peptide and the Rev
response element (RRE) RNA was studied using this method®. The
RNA molecule was transcribed in vitro in the presence of guanosine
5" monophosphorothioate, and a thiol-specific nitroxide spin label
was introduced at the 5" end (Figure 1B). The position of the spin
label was varied by using three circularly permuted RRE RNAsS
(RRE1L, RRE2, RRE3) with varying 5" ends (Figure 8A). The Rev
peptide was also site-specifically spin labeled at position 51. The
EPR spectrum of the reconstituted Rev-RRE RNA complex exhibited
a broadened spectrum compared to that observed when either Rev or
RRE RNA aone was spin labeled in the reconstituted complex. The
overal spectral broadening due to the spin-spin splitting resulting
from dipolar interactions was used to obtain interspin distances in
the doubly spin-labeled RNP complexes®. For instance, the distance
calculated from spin—spin splitting when 5”-end spin-labeled RRE1
was reconstituted with Rev peptide spin-labeled at position 51 was
14 A; this is consistent with the distance of 17 A determined using
the solution structure established by NMR spectroscopy46 (Figure
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RRE1-Rev RRE2-Rev RRE3-Rev

Fig. 8. RNA—protein interactions in the RRE-Rev complex8. (A) Schematic
representation of the sequence and secondary structure of three circularly
permuted RRE RNAs with a spin label at the 5”end. The spin-labeled Rev
peptide bound to the RNA is depicted by a gray rod. (B) The distance
between the spin label in the Rev peptide (in green) and those in the RRE
RNAs (in purple) were determined by EPR and NMR studies. The
distances reported based on the NMR study are calculated using the upper
limit for the range of possible Ca-P distances?.
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8B). Therewas no broadening dueto dipolar effectsin the RNP com-
plex reconstituted with spin-labeled RRE3 and Rev indicating that the
two spin labels are positioned > 25 A apart, a conclusion consistent
with the distance of 40 A calculated from the high-resolution structure
(Figure 8B). These findings provide a fine illustration of the use of
dipolar EPR method for measuring distances in RNP complexes.

C. Summary

The diverse applications of EPR spectroscopy to study biological
macromolecules, where other methods have proven unsuccessful, will
ensure its continued use in examining structure-function relationships.
EPR spectroscopy is a useful tool to further our understanding even
when high-resolution structures are available, sinceit facilitates studies
of internal motions and dynamics of macromolecules in solution.
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