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Site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR) spectroscopy is a powerful tool
for characterizing conformational sampling and dynamics in biological macromolecules. Here we
demonstrate that nitroxide spectra collected at frequencies higher than X-band (~9.5 GHz) have
sensitivity to the timescale of motion sampled by highly dynamic intrinsically disordered proteins (IDPs).
The 68 amino acid protein IAs, was spin-labeled at two distinct sites and a comparison of X-band, Q-band
(35 GHz) and W-band (95 GHz) spectra are shown for this protein as it undergoes the helical transition
chemically induced by tri-fluoroethanol. Experimental spectra at W-band showed pronounced line shape
dispersion corresponding to a change in correlation time from ~0.3 ns (unstructured) to ~0.6 ns
(o-helical) as indicated by comparison with simulations. Experimental and simulated spectra at X- and
Q-bands showed minimal dispersion over this range, illustrating the utility of SDSL EPR at higher
frequencies for characterizing structural transitions and dynamics in IDPs.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Site-directed spin labeling (SDSL) electron paramagnetic reso-
nance (EPR) spectroscopy is a popular method for characterizing
dynamic motions and conformational changes in biological macro-
molecules [1-8]. In this method, a persistent nitroxide radical is
site-specifically incorporated within macromolecules at a position
where there is particular interest in dynamical behavior. The
continuous wave (CW) EPR nitroxide spectrum reflects motional
averaging of the g tensor as well as the N hyperfine coupling ten-
sor due to dynamic motions of the spin label. One way to describe
the motions is with a rotational correlation time; the time over
which a combination of the overall tumbling of the macromolecule
(1), characteristic backbone motions where the spin label is
attached (7p), and internal modes of motion of the spin label itself
(t;), are completely sampled [3,8].
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For globular proteins >15 kD and membrane bound proteins at
ambient temperatures, the line shapes in the CW EPR nitroxide
spectra are typically dominated by the effects of g and 7;. Plots
of empirical line shape parameters, such as the second moment
((H*) and central line width (AH,), provide a simple visual means
for describing the relative line shapes associated with various
structured regions of proteins such as buried sites, tertiary con-
tacts, loops, or unstructured regions [1,8-10]. Fig. 1 demonstrates
relationships between the inverse second moment, (H*)~!, and
inverse central line width, AHy™!, of X-band (9.5 GHz) CW EPR
nitroxide spectra for these distinct structured regions. Spin labels
with slower motions; i.e., longer correlation times, have increas-
ingly broadened spectra owed to incomplete averaging of the g
and "N hyperfine tensors on the time scale of the X-band experi-
ment. For example, spin labels in buried sites typically lead to val-
ues for (H?)~! and AHg! that cluster in the lower left hand corner
of this inverse plot and correspond to correlation times near 10 ns
[7,9,11]. On the other hand, spin-labels located in flexible loops
typically display correlation times near 1 ns, giving values for
(H*»~1 and AHp! that appear in the upper right hand corner of
the inverse plot.

In cases where nitroxide spin labels are attached to smaller glob-
ular proteins, unstructured proteins or protein regions [9,12-18],
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Fig. 1. Plot of relationship between inverse second moment, (H*~! and inverse

central line width, AHg', showing clustering of secondary structural motifs. The
points for SL-IA; are circled and emboldened. The shaded points for known
structural regions are taken from the literature [1,8-10].

and small RNAs [19,20], correlation times are often <2 ns. This time
regime is regarded as the “fast motion” limit for X-band CW EPR
nitroxide spectra; where the narrowed line shapes no longer show
marked differences via (H*)~' and AH;' analysis and where
extraction of correlation times and models of motion via in-depth
simulation procedures is challenging due to the non-descript
“isotropic-like” nature of the spectra. A key example where X-band
EPR spectra are often in the “fast motion” limit is in SDSL studies of
intrinsically disordered proteins (IDPs).

IPDs are defined as “proteins or protein segments of 50 or more
residues that lack highly populated secondary and tertiary
structure under physiological conditions” [21-27]. These highly
dynamic proteins are characteristically either fully unstructured,
molten globular, contain flexible linkers between structured
domains, or possess separate domains of varying degree of struc-
ture or lack of structure. There is significant interest in the struc-
tural and dynamic properties of IDPs due to their importance in
processes such as transcription and translational regulation and
cellular signaling, the details of which have been covered in review
articles [24,27].

Here we show that SDSL CW EPR spectroscopy at frequencies
higher than X-band, particularly W- and D-band frequencies (95
and 130 GHz; respectively), offers “sweet spots” for studying the
“fast motion” dynamical behaviors of IDPs. A multi-frequency
(MF) SDSL investigation of [A;, a 68 amino acid IDP known to
undergo a dynamic transition from unstructured to o-helical
conformation upon interaction with tri-fluoroethanol (TFE) in
solution, was performed for two spin labeled (SL)-IA; constructs
in various degrees of induced helical transition. Using a combina-
tion of experimental and simulated CW EPR nitroxide spectra, we
illustrate the utility in frequencies higher than X-band to resolve
“fast motion” dynamics in spin-labeled biological macromolecules.

2. Materials and methods
2.1. Reagents

3-(2-lodoacetamido)- PROXYL (IAP) spin label was purchased
from Sigma Aldrich (St. Louis, MO). Unless otherwise stated, all
other reagents were purchased from Fisher Scientific (Pittsburg,
PA) and used as received.

2.2. Preparation of SL-1A3

Gene cloning, mutagenesis, expression and purification of 1A3
via an Escherichia coli system were performed as described
previously [12], which is a modified purification scheme from the
original protocol [28]. Protein was estimated to be >98% pure by
a 16.5% Tris-Tricine SDS-PAGE gel. Proteins containing the

cysteine substitutions were spin-labeled with IAP as described pre-
viously [12]. Excess spin label was removed by buffer exchanged
into 50 mM sodium phosphate, 300 mM sodium chloride, pH 7.4
using a HiPrep 26/10 de-salting column (Amersham, Pittsburg, PA).

2.3. Sample preparation

Samples for EPR experiments were prepared by adding the
appropriate volume of TFE to protein stock solutions to generate
15% and 30% TFE concentrations. For X-band studies, two samples
were also prepared that contained 30% sucrose, one with 0% TFE,
the other with 30% TFE. For all samples an appropriate volume of
a 10x phosphate buffer stock (desalting elution buffer described
above), was added to adjust final buffer concentration to match
original protein buffer ensuring consistent ionic strength of all
samples. Protein concentration was approximately 200 uM in each
case, except for W-band samples; which were concentrated to
nearly 2 mM for adequate signal to noise in EPR experiments.

2.4. Electron paramagnetic resonance (EPR) experiments

CW X-band (9.8 GHz) EPR spectra were collected on a modified
Bruker ER200 spectrometer, at 27 °C, unless otherwise noted, as
described previously [12]. The samples consisted of ~10 puL of sam-
ple solution in flame sealed 0.60i.d. x 0.84 o.d. capillary tubes
(Fiber Optic Center, New Bedford, MA). All X-Band spectra were
collected over a 100 Gauss field range.

CW Q-band (35 GHz) EPR spectra were collected on a Bruker
E500 spectrometer equipped with an ER 5106 QT-W resonator.
Spectra were collected at ambient temperature. Each of the sam-
ples consisted of ~2 L of solution loaded into 0.4 o.d. quartz tubes
from Vitrocom (Vitrocom, Mountain Lakes, NJ) that was sealed
with X-Sealant. All Q-band spectra were collected over a 120 Gauss
field range.

CW W-band (95 GHz) EPR spectra were collected on a Bruker
Elexsys 680 spectrometer equipped with a W-band ENDOR resona-
tor at the National High Magnetic Field Lab (NHMFL) in Tallahassee,
FL. Temperature was regulated to 27 °C using a CF935 cryostat
(Oxford Instruments). Samples were loaded into 0.15 i.d. x 0.25 o.d.
suprasil quartz capillary tubes (Vitrocom, Mountain Lakes, NJ) that
were sealed with X-Sealant® and placed in a larger quartz tube
(0.50i.d. x 0.90 o.d.) that was then also sealed at one end before
inserting into the cavity. All W-Band spectra were collected over a
180 Gauss field range.

Variable parameters for data collection such as the microwave
power, field modulation amplitude, modulation frequency, time
constant, conversion time, and number of averaged scans were
optimized for each collection frequency to maximize signal-
to-noise ratio without introducing artificial line shape distortions.
The same optimal parameters at each collection frequency were
used for each sample. Data were baseline corrected and integral
area normalized using LabVIEW software as previously described
[12], which was generously provided by Drs. Christian Altenbach
and Wayne Hubbell at the University of California, Los Angeles
(https://sites.google.com/site/altenbach/labview-programs/epr-
programs/multicomponent).

2.5. Spectral simulations

EasySpin software [41,42] was used for simulation of CW EPR
spectra at X, Q, W, and D band (9.5, 35, 95, and 130 GHz; respec-
tively). Line shapes were simulated assuming isotropic motion
for a nitroxide spin label with various rotational correlation times
ranging from 0.1 to 2.1 ns. The simulations were performed using a
field sweep width of 100 Gauss for X-band, 130 Gauss for Q-band,
200 Gauss for W-band, and 240 Gauss for D-band each consisting
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of 30,000 points with Lorentzian peak-to-peak line broadening of
0.7, 0.9 1.5, and 1.8 Gauss for X-, Q-, W-, and D-band frequencies;
respectively. The g-tensor was set to [gx = 2.0076, gy =2.0050,
g,,=2.0023] and the '“N hyperfine coupling tensor was set to
[Axx=7.5, Ayy = 5.9, A,, = 35] (Gauss).

3. Results
3.1. X-band CW EPR nitroxide line shapes for SL-1A3

[Az is a 68 amino acid protein that is a highly potent inhibitor of
the yeast aspartic proteinase, saccharopepsin, also known as YPRA
(yeast aspartic proteinase A) [28]. IAs is unstructured in solution,
but residues 2-32 are known to become a-helical upon binding
to YPRA [29] whereas the entire protein can be transitioned to
a-helical conformation using TFE [30-33]|. The amino acid
sequence of A3z is shown in Fig. 2A. Single sites were chosen in
both the N- and C- termini for cysteine substitution and subse-
quently labeled with IAP. The details of this procedure have been
published previously [12]. The cysteine IAP modification is referred
to herein as P1 (Fig 2B). Fig. 2C shows corresponding X-Band
CW-EPR spectra for SL-IA3;, where 0% and 30% TFE represent the
unstructured and o-helical states; respectively. At X-band fre-
quency, all spectra are relatively narrow, yielding similar empirical
line shape parameters that are reflective of high mobility of P1
(Fig. 1). These values fall outside the region typically observed
for unstructured regions of large globular or membrane bound
proteins indicating that the motions are in the “fast motion” limit
of X-band spectra [1,9,10]. Lowering the sample temperature or
treating the sample with sucrose can alter protein and P1 mobility.
However, as can be seen in Fig. 1, even under these conditions,
spectra are narrow and the corresponding empirical line shape
parameters still fall outside the range of values traditionally
obtained for structured globular or membrane proteins. In addi-
tion, these solution modifications represent conditions that are
not physiologically relevant. For studies of the biochemical
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function of IDPs, physiological temperatures without added co-
solutes are desired for ascertaining experimental parameters that
can be most accurately related to native behaviors.

3.2. Comparing X-, Q- and W-band CW EPR spectra for SL-1A3

A MF approach expands the time scale of motions in IDPs that
can be probed using CW EPR to include motions that average to
the “fast-limit” at X-band frequencies. These motions produce only
intermediate averaging of the nitroxide line shape at higher fre-
quencies [11,34-40]. Fig. 3 shows experimental CW-EPR spectra
of SL-IA; collected at X-, Q- and W-Band frequencies as a function
of induced o-helical structure ranging from the unstructured state
(0% TFE) to a-helical state (30% TFE). The X- and Q-band spectra
show only slight line shape dispersion over this range of TFE con-
centration. Moving to W-band, however, clearly resolves the heli-
cal transition that occurs when the TFE % (v/v) is increased from
15% to 30%. By comparisons of the W-band spectra with simula-
tions for a range of correlation times <2.1 ns (Fig. 3, discussed in
the next section), the transition appears to induce a change in cor-
relation time from ~0.4 ns to ~0.6 ns; which is in the “fast motion”
limit for X- and Q-bands. These correlation times were confirmed
using LabVIEW software cited in the materials and methods sec-
tion. These findings suggest that even higher frequencies such as
D-band (130 GHz), for example, may be useful for added resolution
in the 0% to 15% TFE range. The W-band spectra at 0% and 15% TFE
show only a slight change line shape dispersion that may become
more evident with the higher frequency.

3.3. Simulations of nitroxide CW EPR line shapes at multiple
frequencies

In order to further demonstrate the sensitivity of higher fre-
quency CW EPR to dynamical motions beyond the “fast motion”
limit at X-band, we performed spectral simulations using EasySpin
[41,42] at X-band (9.5 GHz), Q-band (35 GHz), W-band (95 GHz)
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Fig. 2. (A) Amino acid sequence of IA; showing sites selected for SDSL. (B) Labeling scheme for IAP. (C) Integral area normalized 100 Gauss X-band CW EPR spectra for SL-1A;
constructs S14P1 and N58P1 as a function of TFE % (v/v) at either 5 or 27 °C in buffer either with or without added sucrose, as indicated.
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X-Band (9.8 GHz)

Q-Band (35 GHz)

W-Band (95 GHz)
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Fig. 3. Comparison of integral area normalized experimental EPR spectra for S14P1 (red) and N58P1 (black) SL-IA; constructs at X-band (9.8 GHz), Q-band (35 GHz), and
W-band (95 GHz). The clear change in line shape between the 15% and 30% TFE samples at W-band indicates a structural transition. The correlation times assigned to the

W-band spectra were obtained using LabVIEW software cited in the Section 2.

and D-band (130 GHz) for correlation times of 0.1, 0.3, 0.6, 0.9, 1.5,
and 2.1 ns (Fig. 4). For simplicity, simulations were limited to iso-
tropic local motion of the spin label; i.e., orienting potentials and
diffusion tensors were not considered. These assumptions reduced
the number of parameters necessary to describe the data while
allowing for adequate identification of trends in the spectral line
shapes. In Fig. 4, the X- and Q-band spectra are in the “fast motion”
limit, showing a relative lack of sensitivity to changing correlation
times in this range. The W- and D-band spectra, however, show
dramatic sensitivity. Changes in correlation times in this range
are readily apparent from the spectral line shapes. This illustrates
the utility in W- and D-band frequencies for studying dynamic
motions in IDPs where correlation times are commonly in the
~0.1-2 ns range [12-18]; corresponding to intermediate motional
averaging of the line shapes.

4. Discussion
4.1. X-band SDSL investigations of IDPs

While SDSL EPR at X-band frequencies has been utilized to char-
acterize structure and dynamics in IDPs [1-10,12], the relative
insensitivity of X-band CW EPR nitroxide line shapes (insensitivity
of (H?) and AH,) to the fast motions sampled by IDPs have led oth-
ers to propose an alternative line shape parameter, the ratio of the
intensities of the high-field to central field transitions, h¢+1)ho), as
a useful way to monitor changing dynamics in IDPs [13-17]. This
methodology has been applied to the N-tail measles protein
[13,15], the C-terminal domain of the Henipavirus nucleoprotein
[17], and the flexible chloroplast protein CP12 [16], in addition to
our own previous studies of IA; [12], for example. Combined, these
studies show that this more non-traditional line shape parameter,
hes1yheoy, tracks well with correlation times and reflects either
induced folding or partner binding. However, these spectra are still
reflective of correlation times within the 0.1-2 ns regime, where
X-band line shapes are in the “fast motion” limit, which provides
limited information regarding uniqueness of motional descriptions
via line shape simulations, and where MF and high frequency (HF)

CW EPR investigations may provide additional characterization of
the dynamics of the unstructured state.

4.2. Multi-frequency and high-frequency EPR

Due to continued technological advances that are providing
improved experimental conditions and increased access to instru-
mentation, applications of HF and MF EPR approaches in biological
SL studies are becoming increasingly effective [43]. In particular, a
MF approach for studies of dynamics in proteins or nucleic acids
allows for global fitting to motional models resulting in lowered
ambiguity in fitting/model parameters due to appropriate match-
ing of acquisition frequencies to the time scales corresponding to
the different types of dynamic motions (7, T3, T;, etc.). A compre-
hensive review of this subject details the benefits and limitations
of several theoretical models for approaching SDSL ESR data [44].
It is often pointed out that complex multi-parameter models such
as the “slowly relaxing local structure” (SRLS) model or the “micro-
scopic order macroscopic disorder” (MOMD) model [44] can only
be reliably addressed with SDSL CW EPR by using a MF approach.
For example, in some notable applications of this MF approach to
the study of dynamics in T4 lysozyme [38-40,44], it is demon-
strated that CW EPR experiments carried out at lower frequencies,
such as X-band, suffer from lack of resolution when correlation
times approach sub-nanosecond time scales. This is of particular
importance for studying IDPs where correlation times typically
range from 0.1 to 2 ns [12-18].

The experimental results and simulations presented here dem-
onstrate that with this simple model and the inclusion of W-band
and D-band frequencies in CW EPR experiments, we can measure a
degree of structural transition in highly dynamic IDPs with a
particular sensitivity to “faster” dynamics (0.1-2 ns time regime).
Therefore, we suggest these methods for the analysis of structural
transitions and motional dynamics in IDPs, where correlation
times typically occur in this range [12-18]. We also assert that
the benefits of this approach extend beyond IDPs. Dynamic
motions in RNAs, for example, have been shown to occur on similar
time scales [5,20,45,46].
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Fig. 4. Comparison of line shapes for spectra simulated at X-, Q-, W-, and D-band frequencies illustrating the relative ranges of correlation times where there is maximum line
shape sensitivity. The shaded spectra at W- and D-bands for correlation times from 0.3-2.1 ns and 0.1-0.9 ns respectively, illustrate “sweet spots” between the “fast motion”

limit at X- and Q-bands and the “rigid limit” at W- and D-bands.

5. Conclusions

This study highlights the potential of MF and HF CW EPR for
characterization of highly dynamic biological macromolecules by
providing sensitivity to sub-nanosecond correlation times. With
what we have shown, it is apparent that for SDSL EPR studies of
structural transitions in IDPs, both W- and D- band frequencies
offer enhanced sensitivity to the associated range of correlation
times. At these acquisition frequencies, the motional fluctuations
are only partially averaging the g and '“N hyperfine tensors of
the nitroxide spin label, generating spectra in the intermediate
regime. We suggest that the SDSL EPR line shape analyses methods
demonstrated here provide an experimental window for studying
dynamic motions and structural transitions in IDPs to a much
greater level of detail.
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