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Abstract

Molecular flexibility over a wide time range is of central importance to the function of many
proteins, both soluble and membrane. Revealing the modes of flexibility, their amplitudes, and
time scales under physiological conditions is the challenge for spectroscopic methods, one of
which is site-directed spin labeling EPR (SDSL-EPR). Here we provide an overview of some
recent technological advances in SDSL-EPR related to investigation of structure, structural
heterogeneity, and dynamics of proteins. These include new classes of spin labels, advances in
measurement of long range distances and distance distributions, methods for identifying backbone
and conformational fluctuations, and new strategies for determining the kinetics of protein mation.

Introduction

A golden age of protein physical science was ushered in by the advent of crystallographic
methods which revealed how weak non-covalent interactions cooperated to stabilize the
elaborate secondary, tertiary, and quaternary structures of proteins. But the information
proved to be incomplete for elucidating molecular mechanisms underlying function which
often rely on conformational flexibility, which is not directly revealed in the confines of the
crystalline lattice. A second golden age is in progress and began when spectroscopic
methods were developed to permit atomic scale resolution of protein structure and dynamics
in solution. The most dramatic advances have come from solution NMR methods which
provide residue specific information on protein dynamics. The technology continues to
develop, but currently has relatively poor sensitivity, practical limitations for a general
extension to membrane proteins in their native lipid environments, a limitation to short
range inter-nuclear distance measurements, and is challenged for measuring dynamics on the
us time scale that may be important for function. These limitations provide a unique
opportunity for site-directed spin labeling EPR (SDSL-EPR) to complement NMR, because
they are the particular strengths of the EPR method, which is unconstrained by the size or
complexity of the system under study.

Since the last review on SDSL in this journal [1], substantial progress has been made in site-
directed mutagenesis, the chemistry and physics of the spin labels, methodology and
instrumentation, and in computational methods. Excellent recent reviews documenting
applications of SDSL to proteins have appeared [2-5], and the present contribution will be
restricted to technological advances in the above areas for exploring the structure and
dynamics of proteins with an emphasis on the last two years.
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Nitroxide side chains

The common implementation of SDSL employs the disulfide-linked nitroxide side chain,
designated R1, introduced via cysteine substitution mutagenesis (Figure 1a). In general,
interpretation of EPR data from R1 in terms of protein structure and dynamics requires
knowledge of the rotamers and internal dynamics of the side chain itself, and this
information is most complete for the simple case of R1 at non-interacting solvent exposed
sites in helices and loops. For R1 at such sites, crystallographic data from T4 lysozyme
(summarized in [6]) and other proteins [7-8], including a membrane protein [9], and density
functional calculations [10] document a ubiquitous intra-residue interaction of the disulfide
with backbone atoms that defines a limited rotamer library [6] and constrains the nitroxide
to an anisotropic motion, as suggested by an early model [11]. As discussed below, such
sites are the key to mapping backbone dynamics in helices and loops. The conformation and
dynamics of R1 in 3 structures are less well understood, but the first members of a rotamer
library have been identified in recent crystal structures of R1 in 8 sheets [12,13¢,14¢].

One of the most popular applications of SDSL-EPR is inter-spin distance determination
using pulsed dipolar (PD) spectroscopy in doubly labeled systems. To interpret inter-
nitroxide distances in terms of protein structure, the spatial distribution of the nitroxide at an
arbitrary site must be considered, and this is modulated by interactions with the
environment. To account for the spatial distribution of R1 in experimental distance
distributions, different strategies have been considered, including a rotamer library biased by
interaction with the protein [15+¢] and MD simulations and Monte Carlo conformational
searches [16¢]. Comparison of these methods came to the conclusion that the rotamer library
is the method of choice, and for the sites studied, the agreement with experiment was best
when crystal structure rotamers were selected from the complete rotamer library [16¢]. Other
simpler approaches sample a large conformational space, either with no assumptions about
rotamer probabilities [17] or with the option to weight the population according to the
crystallographically favored rotamers [18].

Another means for dealing with the rotamer distribution of R1 is to eliminate it. With this in
mind, new side chains with constrained geometry are being explored. For the cross-linked
RX side chain (Figure 1b) [19-22] inter-spin distance distributions were narrow compared
to R1 [20], and for R1p (Figure 1c) proton relaxation enhancement suggested a single
rotamer populated in solution [23]. Crystal structures of RX (PDB entry 3L2X) and the 4-
phenyl analog of R1p (PDB entry 1ZUR) in T4 lysozyme show resolved electron densities
for the entire side chain, unlike those for R1 which are resolved only to the disulfide due to
internal disorder. The side chain TOPP (Figure 1d) [24] provides a fixed position of the spin
in a protein, but so far is introduced by total synthesis, restricting its practical use to peptides
or small proteins.

It may not always be possible to eliminate native cysteine residues in a protein for the
introduction of nitroxides using sulfhydryl selective chemistry. For such case alternative
nitroxide side chains K1 and T1 based on site-specific incorporation of unnatural amino
acids have been introduced [25,26] (Figure 1e,f). The new side chains are more flexible than
R1, but the spatial distributions are not prohibitively broad for their use in distance
measurements [25].

Advances in distance determination

Low temperature PD spectroscopy

PD spectra of doubly labeled proteins are obtained either with double quantum coherence
(DQC) or double electron—electron resonance (DEER, also known as PEL-DOR) [27,28¢],
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both conducted at cryogenic temperatures with one exception noted below. The practical
range for PD distance measurement using DEER in spin labeled proteins in aqueous media
is typically quoted as ~ 17-60 A for commercial X-band (9.5 GHz) and Q band (35 GHz)
spectrometers, the latter having substantially improved sensitivity (smaller samples, shorter
data collection times) [29]. Recent improvements using tailored [30¢] or combined [31¢]
pulse sequences, or protein deuteration [32], extend the upper distance range to 80 and
possibly 100 A while reducing data collection times and improving distance resolution.

Recently, efforts have been made to develop high frequency W-band (95 GHz) DEER,
driven in part by the inherently high sensitivity. However, with nitroxides, the increased
sensitivity for distance measurement may be compromised by an orientation selection due to
g factor anisotropy that becomes important at high fields for rigid labels. This has been
taken as an opportunity to obtain additional information on relative nitroxide orientation for
structure determination [33] with impressive experimental results [33-35], but it remains
challenging to uniquely determine the five angles and their distributions needed to
completely define the structure of the radical pair, even if the required distinguishable and
sufficiently rigid labels can be developed [33]. Under any circumstance, structural ambiguity
due to the lack of angular information can be resolved with an increased number of pairwise
distance measurements. In the end, the relative merits of more mutagenesis versus
complexity of analysis must be considered.

In many cases orientation selection at W band DEER is a hindrance that prohibits the
realization of high sensitivity for distance measurements. This problem was overcome with
the introduction of Gd pairs as spin labels [36,37], eliminating orientation selection due to
the essentially isotropic g factor of Gd3* The Gd3* can be introduced in the side chain C1
(Figure 1g) [38e¢] but other side chain chelates are possible [37,39,40+]. Gd3* —nitroxide
pairs have also been investigated with success [39,40¢], particularly when combined with a
recently developed bimodal resonator for W band [41] that allows realization of the full
potential of the method [38e¢]. Although orientation selection is reintroduced when the
nitroxide is rigid, only two angles are required to describe the geometry and these can be
extracted from the data combined with simple modeling. Remarkably, interspin distances of
80 A prove to be accessible with samples of 2-3 pL at 50 pM concentration. In addition,
mixed Gd3* and nitroxide labels in a homodimer allowed spectroscopic selection of
distances arising from interactions between mixed spin pairs, that is, Gd3*/Gd3* , Gd3*/
nitroxide and nitroxide/nitroxide [38e¢,42]. Similar distance editing using Cu2*/nitroxide
mixed pairs in a protein was recently reported [43]. Spectroscopic distance selection may be
of use in analysis of protein complexes, and the required distinct labels can be introduced in
a single protein using an unnatural amino acid and cysteine pair as recently shown [40¢].
Distance editing between chemically identical spins can be accomplished if the spins can be
distinguished based on spin lattice relaxation times [44].

Moving toward longer range distance measurements at physiological temperature

An unresolved issue in PD spectroscopy is the effect of the freezing process, particularly the
rate, on the distributions of conformational substates. Distance distributions between R1
pairs in relatively rigid parts of T4L do not appear to be strongly dependent on freezing
times in the range ~100 ps to minutes [45], but a similar study has not been conducted to
evaluate the influence on the distribution of conformational substates.

For distance mapping at physiological temperatures, dipolar broadening of CW spectra in
spin pairs can be used at X band, but has a rather narrow distance range (10-20 A). Recently
the dipolar line broadening approach has been extended to ~30 A at L-band (1-2 GHz)
using non-adiabatic rapid scan (NARS) spectroscopy developed by Hyde and coworkers
[46¢] The method requires that the rotational diffusion of the protein be sufficiently slow to
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not average a weak dipolar interaction, but this can be achieved by the use of high viscosity
or immobilization of the protein on a solid support [47] and will not be an issue for
membrane proteins in their native lipid environment.

In principle, PD spectroscopy can be employed at ambient temperature if the phase memory
time (7, of the spin label is long and rotational diffusion of the protein is arrested. A step
in this direction has recently been reported for a protein immobilized on a solid support by
using a novel triarylmethyl (TAM) spin label (Figure 1h) and DQC spectroscopy. At
present, the method is limited to short distances but can be extended by synthesis of new
TAM derivatives that are predicted to have longer 7y,s [48¢].

Enhancement of a nitroxide 7; relaxation by a fast relaxing paramagnetic species can be
employed to measure inter-spin distances. Although typically used at cryogenic
temperatures [27,49], this strategy has been employed at ambient temperatures to measure
distances up to 25 A between Cu?* (the fast relaxing species) and R1 in a peptide [50].
Simulations indicate that 30-35 A could be accessible using RX or R1p, or 40-45 A using a
TAM spin label due to the longer 7; of these radicals compared to R1 (Z Yang et al.,
unpublished data). Cu* can be introduced site selectively for example via an incorporated
bipyridyl amino acid [51]. A disadvantage of the relaxation enhancement approach is that
only an average distance is obtained, and that distance is strongly weighted toward short
distances in a distribution due to the 1//8 dependence. Nevertheless, 7; enhancement at
ambient and cryogenic temperature can be compared with DEER data on the same sample
[52° ], providing a strategy for interpreting the relaxation data and perhaps evaluating the
influence of freezing on structure.

Revealing protein conformational exchange and measuring protein

dynamics under physiological conditions

Figure 2 shows the characteristic time scale for two dynamic modes of proteins that are
believed to have functional roles. The amplitude of such motions might be inferred from the
widths of distance distributions determined from PD spectroscopy in frozen solution, but the
relevant dynamics can only be accessed in liquid solution under physiological conditions.
Suitable SDSL-EPR methods for this purpose are indicated in Figure 2, where the inherent
time scales are compared to those for protein dynamics.

As indicated, the CW spectral lineshape reflects motion of the nitroxide in the range of
correlation time 100 ps to 100 ns, which overlaps the time scale for side chain motion, fast
protein backbone fluctuations, and overall rotational diffusion. The internal modes of
interest can be resolved from overall protein rotation by attaching the protein to a solid
support or by increasing viscosity [47]. In favorable cases, multifrequency EPR can be used
to separate motions in different time domains as well as to resolve order and rate
contributions to the CW lineshape [53,54]. For R1 on the surface of a helix, where the side
chain internal motion is understood (see ‘Nitroxide Side Chains’), contributions from ns
backbone fluctuations should be directly reflected in the CW lineshape. This contention is
strongly supported by the correlation of rate and order of R1 motion with local helix packing
in myoglobin; the detected motions are likely rigid body fluctuations of the helical segment
to which R1 is attached [55¢¢] (Figure 3a).

For conformational exchange in the time domain of us—ms, the CW lineshape of R1 contains
no information on the dynamics of the process. Nevertheless, the existence of exchange is
confirmed by resolved components in the EPR spectrum of R1 and the response to osmolyte
perturbation, as recently demonstrated in myoglobin [55¢¢] (Figure 3b). To obtain
information on exchange lifetimes in the ms range, methods that depend on the spin lattice
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relaxation time (71) of nitroxides can be employed. These include CW saturation transfer
EPR (ST-EPR) and the time-domain equivalent of pulsed electron—electron double
resonance (P-ELDOR), both of which measure spatial reorientation dynamics of the
nitroxide and require rotationally immobilized proteins and a rigid spin label. Recent
publications document the feasibility of these methods for monitoring ms internal protein
dynamics using the RX side chain (Figure 1b) [20+,21,22]. Pulsed saturation recovery (P-
SR) directly measures T1, and can be used to determine exchange kinetics of a nitroxide
between two states when the exchange lifetime is comparable to the difference in 73
between the states. This direct exchange measurement does not require immobilization of
the protein, and a rigid spin label is not necessary, but exchange lifetimes are limited to the
range of ~ 1-70 ps (Figure 2) [19]. Collectively, these methods provide access to a time
scale difficult to access by NMR and which represents an important time scale for protein
motions.

The upper limit of ~1 ms for measuring dynamics at X-band currently set by ST-EPR can in
principle be extended using perturbation-relaxation spectroscopy (Figure 2). One attractive
perturbation is hydrostatic pressure, which is known to modulate the relative populations of
conformational substates at equilibrium [56]. Therefore, an instantaneous jump in pressure
will be followed by a relaxation to a new equilibrium state, which can be monitored in real
time to provide the exchange kinetics. High pressure SDSL-EPR was recently reported, and
the ability to detect and analyze pressure-dependent conformational equilibria in terms of
populations and volumetric properties was demonstrated [57] (Figure 4). Pressure jumps of
1kbar in ~1 ms have recently been achieved in an EPR system, which should allow
determination of exchange times in the ms range and longer (M Lerch ef a/., unpublished
data); faster jumps should be feasible with existing technology. Another important
application of high pressure in SDSL will be to populate low-lying excited states of proteins
for spectroscopic study [56].

Conclusions and future developments

The strengths of SDSL-EPR have been enhanced. High sensitivity distance measurements
with PD spectroscopy to 100 A are possible, and methods for reasonably long range
distances at physiological temperature are emerging. Of particular interest is the ability to
measure internal dynamics of proteins under physiological conditions over the full range
from ps to ms and beyond. Such measurements are typically made with nanomoles of
sample for proteins of arbitrary MW and degree of complexity, and the sensitivity improves
with increasing microwave frequency. Multifrequency EPR offers an elegant approach to
resolving different dynamic modes in the ns time domain. The capability for monitoring
slow (us) motions at equilibrium requires rigid nitroxide side chains and immaobilized
proteins. The RX side chain fulfills the former requirement, but further development of rigid
labels with single-site attachment would be welcome. Immobilization of proteins is
emerging as a requirement for room temperature distance measurements as well as for
measuring internal dynamics. An elegant approach would use an unnatural amino acid to
site-selectively attach the protein to a solid support. Pressure-jump/relaxation EPR has
promise to extend the time scale for measuring exchange to ms and beyond without the need
for immabilization of label or protein. Finally, the long relaxation times of TAM radicals
make them attractive as spin labels for future development, despite their large size.
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This article presents a comprehensive study of the holo-, apo- and the molten globule states of
myoglobin that highlights the utility of continuous wave lineshape analysis combined with
osmolyte perturbation and PD spectroscopy to identify disordered regions, detect ns backbone
fluctuation in ordered sequences, and identify sequence-correlated conformational flexibility on
the microsecond and longer time scales. Lineshape analysis revealed a correlation between the rate
and amplitude of R1 motion with extent of local packing (Figure 3a), which strongly supports a
model wherein variation in R1 motion at surface sites in ordered helices reflects contributions
from ns backbone fluctuations.
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Figure 1.

Structures of paramagnetic protein labels represented as side chains. (a) The R1 side chain.
(b) The cross-linking side chain RX. The cross-link can be formed between 7and A 3 or A
4 cysteine residues within a regular helix, between 7and /A 2 residues in a 8 strand, or
between any elements with properly spaced cysteine residues. (c) The R1p side chain. (d)
The TOPP residue introduced by peptide synthesis. Although there may be rotation about
individual bonds, the nitroxide is fixed in the same spatial location, because all bonds
connecting the nitroxide with the protein are collinear. (€) The ketoxime-linked side chain
K1 generated by reaction of a p-acetyl-phenylalanine unnatural amino acid with a
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hydroxylamine nitroxide reagent. (f) The triazole-linked side chain T1 generated by the
reaction of a p-azido-phenylalanine unnatural amino acid with a strained cyclooctyne
nitroxide reagent using Cu-free Click chemistry. (g) A disulfide-linked Gd3* chelate side
chain. (h) A disulfide-linked TAM spin label.
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Figure 2.

Characteristic time scale (lifetime of states) for selected protein motions relative to that for
X-band EPR spectroscopic methods. The panel above the time line shows cartoons
illustrating backbone fluctuations and internal motions of R1 on the ns time scale (left), and
conformational exchange on the ps—ms time scale (right). In each case, the red sphere
represents the nitroxide of R1. Fast backbone motion adds to the internal motion of R1 on
the same time scale and is thus revealed in the CW lineshape (lower panel). Conformational
exchange is too slow to affect the CW lineshape, but may be revealed as resolved
components in the EPR spectrum, provided that R1 is in a region where the nitroxide
experiences distinct environments in each state (upper panel, right). ST-EPR, P-ELDOR,
and P-SR can measure conformational exchange kinetics on the ps time scales indicated. For
conformational exchange on the time scale of ms and longer, perturbation-relaxation
methods are promising. Following a rapid perturbation in an experimental parameter
(pressure, temperature, pH, etc.), the relaxation to a new equilibrium is monitored in real
time using the EPR spectrum of a judiciously placed spin label. For commercial
spectrometers with CW detection, the shortest time that can be measured by relaxation
methods is limited by the 100 kHz field modulation frequency to about 50 ps, but has no
upper limit.
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(b)
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Figure 3.

Mapping backbone and conformational flexibility with SDSL-EPR. (a) The rate (inverse
correlation time, T™1) and order parameter (S) for R1 motion at solvent-exposed helix
surface sites in myoglobin are plotted versus the fraction of buried surface area (Fpyrieq) for
the helix segment containing R1; Fpyrieq is proportional to the number of contacts the
segment makes with the fold. The regular decrease in rate and increase in order of R1
motion with increasing Fpyrieq IS consistent with a plausible model in which increased
contact of a segment damps motion which is reflected in R1 dynamics. This result strongly
supports the contention that the variation in R1 motion from site-to-site at solvent-exposed
sites reflects backbone motion rather than local side chain interactions. (b) Regions in
conformational exchange (us or longer, red ribbon), as detected by resolved components in
the R1 spectrum and the response to osmotic perturbation, are mapped onto a structural
model of myoglobin. The regions identified correspond closely with those obtained by NMR
methods [55¢¢]. The figures are adapted from [55e¢].
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Figure4.

Pressure dependence of a protein conformational equilibrium detected by SDSL-EPR. The
stack plot of EPR spectra are for the A46R1 mutant of T4 lysozyme as a function of
pressure. The two resolved spectral components 7and marise from equilibrium between a
folded conformation (/) and a locally unfolded state (/7)) as illustrated schematically in the
cartoon where the colored sphere represents the spin label. The apparent equilibrium
constant, K, determined from the spectra, is a function of pressure as shown in the plot of
In[K(P)/K ] versus pressure. The solid trace is a fit of the data to a model wherein the two
conformations have different partial molar volumes as well as compressibilities. The figure
is adapted from McCoy and Hubbell [57]. The relative populations of 7or mcould be

directly monitored in time at a fixed field following a pressure jump.
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