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ABSTRACT Saturation transfer electron paramagnetic resonance (ST-EPR) spectroscopy has been employed to characterize
the very slow microsecond to millisecond rotational dynamics of a wide range of nitroxide spin-labeled proteins and other
macromolecules in the past three decades. The vast majority of this previous work has been carried out on spectrometers that
operate at X-band (;9 GHz) microwave frequency with a few investigations reported at Q-band (;34 GHz). EPR spectrometers
that operate in the 94–250-GHz range and that are capable of making conventional linear EPR measurements on small aqueous
samples have now been developed. This work addresses potential advantages of utilizing these same high frequencies for ST-
EPR studies that seek to quantitatively analyze the very slow rotational dynamics of spin-labeled macromolecules. For example,
the uniaxial rotational diffusion (URD)model has been shown to be particularly applicable to the study of the rotational dynamics of
integral membrane proteins. Computational algorithms have been employed to define the sensitivity of ST-EPR signals at 94, 140,
and 250GHz to the correlation time for URD, to the amplitude of constrainedURD, and to the orientation of the spin label relative to
the URD axis. The calculations presented in this work demonstrate that these higher microwave frequencies provide substantial
increases in sensitivity to the correlation time for URD, to small constraints in URD, and to the geometry of the spin label relative to
the URD axis as compared with measurements made at X-band. Moreover, the calculations at these higher frequencies indicate
sensitivity to rotational motions in the 1–100-ms time window, particularly at 250 GHz, thereby extending the slow motion limit for
ST-EPR by two orders of magnitude relative to X- and Q-bands.

INTRODUCTION

Saturation transfer electron paramagnetic resonance (ST-

EPR) spectroscopy, a technique developed by Hyde and

Dalton (1972), has been utilized to characterize the global

rotational dynamics of a wide range of soluble and membrane

bound proteins and other macromolecules over the past three

decades (for recent reviews see Beth and Robinson, 1989;

Hemminga and de Jager, 1989; Beth and Hustedt, 2003;

Marsh et al., 2003). Using nitroxide spin labels and

conventional X-band (;9 GHz) EPR spectrometers, ST-

EPR provides high sensitivity to the correlation times for

rotational motions in the microsecond to millisecond time

window (Thomas et al., 1976). This time window, which is

outside the picosecond to microsecond sensitivity window of

conventional linear EPR (McCalley et al., 1972), is of

considerable interest since it spans the correlation time range

that is characteristic of the global rotational motions of a large

number of intrinsicmembrane proteins (see Beth andHustedt,

2003). Moreover, it overlaps the timescales for many enzyme

catalyzed reactions (kcat’s), for a wide range of cellular

membrane transport processes, and for the initial phases of

transmembrane signaling events in cells. As the database of

high resolution static structures of proteins continues to

expand, investigations aimed at understanding the dynamics

of functionally relevant structural transitions of proteins

(functional dynamics) are becomingmore numerous. It is now

evident that many proteins undergo significant structural

rearrangements in carrying out their biological functions.

With the advent of site-directed spin-labeling methods

(SDSL; see Hubbell et al., 1996, 2000; Feix and Klug,

1998; Columbus and Hubbell, 2002) for placing a probe

at selected sites in proteins, ST-EPR offers unique opportu-

nities for studies aimed at quantifying the relatively slow

functional dynamics of proteins and, therefore, for under-

standing the molecular bases for a wide range of structural

rearrangements.

Some of the challenges in characterizing the global

rotational dynamics of intrinsic membrane proteins or the

functional dynamics of proteins are that the motions are often

highly anisotropic, they often occur on the microsecond to

second(s) timescale, and they can be constrained in angular

amplitude. ST-EPR spectra have been shown to be sensitive

to the correlation time for rotational motions in the fast end

of this timescale, to the anisotropic nature of the motion, and

to restrictions on the amplitude of motion (see Beth and

Robinson, 1989; Howard et al., 1993; Blackman et al., 2001;

Hustedt and Beth, 2001; Beth and Hustedt, 2003). However,

the lineshape effects from different motional processes can

look remarkably similar, particularly at X-band and lower

microwave frequencies, due to the nearly axial character of

the spectra. At higher magnetic fields and resonant
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frequencies, the spectra are dominated by the anisotropic

g-tensor, they are distinctively nonaxial, they are spread over
a wider range of resonant field values, and they hold the

potential for providing much more detailed information on

the anisotropy of motion (Hustedt and Beth, 2001; Beth and

Hustedt, 2003).

The vast majority of the ST-EPR studies that have been

carried out to date have utilized X-band spectrometers due in

large part to the wide-spread availability of instruments that

operate in the 8–10-GHz microwave frequency range.

Moreover, these instruments are easy to house and to

operate, and they are capable of making routine and re-

producible ST-EPR measurements on dilute (e.g., micro-

molar to millimolar) biological samples. Some ST-EPR

studies have been carried out at Q-band (e.g., Johnson and

Hyde, 1981; Johnson et al., 1982a,b; Blackman et al., 2001).

The increased spectral dispersion at Q-band relative to

X-band and lower frequencies results in increased sensitivity

to the anisotropy of motion (Johnson et al., 1982a; Hustedt

and Beth, 2001) and increased sensitivity to constraints on

the amplitude of motion (Hustedt and Beth, 2001). In the

past decade, spectrometers that operate at higher fields and at

higher microwave frequencies in the 94–250-GHz range

have been developed, and these instruments have been

utilized to record conventional linear EPR spectra on a wide

range of biological samples (e.g., Earle et al., 1994; Smirnov

et al., 1995; Hustedt et al., 1997; Barnes and Freed, 1998;

Gaffney and Marsh, 1998; Barnes et al., 1999; Budil et al.,

2000; Bar et al., 2001; Mangels et al., 2001; Rohrer et al.,

2001). These studies have shown that the higher microwave

frequencies provide important advantages relative to the

lower frequency measurements including separation of

overlapping spectra with slightly different g-values (e.g.,

Smirnov et al., 1998), unique determination of all of the

principal elements of the A- and g-tensors, and the ability to

shift the range of sensitivity to faster rotational motions and

to suppress the contributions of slower rotational motions on

the linear EPR timescale (e.g., Barnes et al., 1999; Freed,

2000). Despite the success and the advantages of high

frequency conventional EPR for characterizing the picosec-

ond to microsecond dynamics of spin-labeled proteins, no

experimental ST-EPR studies of microsecond to millisecond

dynamics at microwave frequencies in the 94–250-GHz

range have been reported.

One of the major determinants of sensitivity of ST-EPR

signals to very slow rotational motions is the magnitude of

the change in resonance condition with a change in

orientation of the spin label relative to the external magnetic

field (i.e., j@Hres/@Vj; Thomas et al., 1976; Fajer and Marsh,

1983; Beth and Robinson, 1989; Beth and Hustedt, 2003). At

those positions of the spectrum where j@Hres/@Vj is large,

high spectral sensitivity to the correlation time for rotational

motion has been observed experimentally and predicted

theoretically for many different motional models. The width

of each of the nuclear manifolds from nitroxide spin labels

increases at the higher fields due to the anisotropic g-tensor
interactions. Consequently, there is a field dependent

increase in k@Hres/@Vj for each nuclear manifold at the

higher magnetic fields (see Beth and Robinson, 1989; Beth

and Hustedt, 2003). Based upon the previous literature, one

would predict that the increased spectral width of the

manifolds would lead to larger changes in lineshapes as

a function of rotational correlation time and that the wider

manifolds would be sensitive to longer correlation times.

These potential advantages and the desirability of developing

methods that are sensitive to rotational motions in the

millisecond or longer correlation time range prompted this

work.

The calculations that are presented here demonstrate that

ST-EPR spectra at the higher microwave frequencies will

provide some important additional information relative to

those obtained at X-band. First, as predicted, there is a

monotonic shift in sensitivity to longer correlation times as

a function of microwave frequency. Second, the spectra

become much more sensitive to the anisotropic character-

istics of the motion at the higher microwave frequencies.

Third, the spectra are more sensitive to small constraints to

rotational diffusion at the higher microwave frequencies.

These latter two advantages are important for correctly in-

terpreting the complex dynamics of systems that are under-

going anisotropic rotational diffusion and/or constrained

rotational diffusion. The calculations presented here demon-

strate the potential utility of high field/high frequency for

ST-EPR studies of very slow rotational motions, and they

provide strong motivation for carrying out experimental

work to verify these predictions.

METHODS

ST-EPR spectra for the unconstrained uniaxial rotational diffusion (URD)

model were calculated with an algorithm that utilizes the transition rate

matrix (TRM; Thomas and McConnell, 1974) approach for treating

rotational dynamics as described in previous work (Hustedt and Beth,

1995). Zeeman overmodulation effects were treated explicitly in the

algorithm that was employed for unconstrained URD (algorithm II; Hustedt

and Beth, 1995). ST-EPR spectra for the constrained URD model were

calculated using a square well restriction, and Zeeman overmodulation

effects were approximated as described by Hustedt and Beth (2001). The

principal elements of the A- and g-tensors that were employed in all

calculations were determined from [15N,2H]-maleimide spin-labeled glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH) in previous work (Beth

et al., 1981). These included Axx ¼ 10.62 G; Ayy ¼ 10.38 G; Azz ¼ 50.15 G;

gxx ¼ 2.0091; gyy ¼ 2.0061; and gzz ¼ 2.0022. The value for T1e was set to

5 ms, unless otherwise noted, based upon saturation recovery measurements

at X-band (A.H. Beth andB.H. Robinson, unpublished) andT2e was set to 40
ns to match the experimental ST-EPR linewidth observed from spin-labeled

glyceraldehyde-3-phosphate dehydrogenase (Beth et al., 1981). These values

are all representative of the values observed from other [15N,2H] spin-labeled

proteins including bovine serum albumin (Hustedt et al., 1993), epidermal

growth factor (Stein et al., 2002), and anion exchange protein (Hustedt and

Beth, 1995, 2001). All spectra for unconstrained URD were calculated using

a 5-G Zeeman field modulation amplitude and a microwave observer field of

0.2 G in the rotating frame. Spectra for constrained URDwere also calculated

with an effective modulation amplitude of 5 G (Robinson, 1983) and

ST-EPR at 94, 140, and 250 GHz 3941

Biophysical Journal 86(6) 3940–3950



a microwave observer field of 0.2 G. The spectra chosen for display are the

second-harmonic, out-of-phase absorption signals, denoted V2# (Thomas

et al., 1976), using a 50-kHz reference modulation frequency and 100-kHz

detection unless otherwise noted.

All calculations were performed on a 2.5-GHz Pentium IV CPU

computer. The calculations were judged to be converged when inclusion of

additional angular grids in the transition rate matrix resulted in no further

change in lineshape. At 9.8, 34, and 60 GHz, N ¼ 128 was sufficient for

convergence; at 94 and 140 GHz, N ¼ 256 was sufficient; and at 250 GHz,

N ¼ 512 was sufficient. Spectra at 9.8, 34, 60, 94, and 140 GHz were

calculated at 201 field values and spectra at 250 GHz were calculated at 401

field values. The FORTRAN source code used in the calculations is

available from the authors.

RESULTS

Sensitivity of V2# signals to t as a function of
microwave frequency

The calculated V2# ST-EPR spectra in Fig. 1 show the range

of lineshape changes that are predicted to occur as a function

of the correlation time for URD for tk from 1 ms to 100 ms at

microwave frequencies of 9.8, 94, 140, and 250 GHz. These

spectra, which are all calculated using the same URD model

with the spin label z axis tilted by 54.7� relative to the

diffusion axis (Fig. 2, u ¼ 54.7� and f ¼ 0�), demonstrate

two important points. First, the magnitude of the overall

change in lineshape increases monotonically as a function of

increasing microwave frequency. Second, there is increasing

sensitivity to longer correlation times as the microwave

frequency is increased. Both of these points are illustrated

graphically in Fig. 3 where the total area under the V2#
lineshape is plotted versus tk at different microwave

frequencies. Unlike the linear V1 EPR signal, the integrated

intensity of the V2# signal increases with increasing

correlation time and is a simple measure of the dynamics

reflected in the complex lineshape.

An important result that is demonstrated in Fig. 3 is that

ST-EPR spectra are predicted to be very sensitive to motions

in the 1–100-ms time range at 250 GHz. This very slow

motional range, which is characteristic of the timescales for

many important biological events, has been difficult to

address using currently available methods (see Beth and

Hustedt, 2003). As also shown in Fig. 3, sensitivity to

correlation times in the 1–10-ms time window is comparable

at all of the microwave frequencies in the 9.8–250-GHz

range. These calculations indicate that the higher frequencies

provide useful sensitivity to the longer correlation times

without any loss of sensitivity to the faster correlation times.

Many additional calculations of ST-EPR spectra have been

carried out for other URD models including alignment of the

nitroxide z axis with the URD axis (u ¼ 0� and f ¼ 0�),
alignment of the nitroxide x axis with the URD axis (u¼ 90�
and f ¼ 0�), and alignment of the nitroxide y axis with the

URD axis (u ¼ 90� and f ¼ 90�) as a function of correlation
time. Representative calculations for tk ¼ 1 ms are shown in
Fig. 4. For all of the motional models examined, the same

relative sensitivity to rotational motions is observed in-

cluding increased sensitivity to very slow motions in the

1–100-ms time range at the higher microwave frequencies.

Sensitivity of V2# signals to the orientation
of the spin label relative to the URD axis
as a function of microwave frequency

Experimental and theoretical work has shown that the V2# ST-
EPR signal at 9.8 GHz is sensitive to anisotropic rotational

FIGURE 1 Calculated V2# signals at 9.8, 94, 140, and
250 GHz. The five spectra in each column were

calculated for the same URD model with the spin label

z axis tilted by 54.7� relative to the diffusion axis (u ¼
54.7� and f ¼ 0�) at correlation times of 1 ms, 10 ms,

100 ms, 1 ms, and 100 ms. All spectra are shown

normalized to the same amplitude and are scaled to the

same width for display. Actual widths are 100 G at 9.8

GHz, 200 G at 94 GHz, 250 G at 140 GHz, and 400 G

at 250 GHz. Values for all other input parameters,

given in Methods, included ym ¼ 50 kHz; hm ¼ 5 G;

h1 ¼ 0.2 G; T1e ¼ 5 ms; T2e ¼ 40 ns; gxx ¼ 2.0091;

gyy ¼ 2.0061; gzz ¼ 2.0022; Axx ¼ 10.62 G; Ayy ¼
10.38 G; and Azz ¼ 50.15 G.
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diffusion and to the orientation of the spin label reference

frame relative to the diffusion tensor (for extensive

discussions see Hyde and Dalton, 1979; Robinson and

Dalton, 1980, 1981; Beth and Robinson, 1989; Beth and

Hustedt, 2003). Previous work has also shown that 34 GHz

provides a useful increase in sensitivity of the V2# signal to the
anisotropy of rotational motion relative to 9.8 GHz due to the

increased spectral anisotropy arising from the g-tensor
interactions (e.g., Johnson et al., 1982a; Blackman et al.,

2001; Beth and Hustedt, 2003). The limited number of

calculations that have previously been carried out at 94 GHz

have indicated that substantial additional increases in

sensitivity to the anisotropy of rotational motion might be

obtained at higher field/higher frequency operation (Hustedt

and Beth, 2001; Beth and Hustedt, 2003).

The data in Fig. 4 reinforce these previous observations

and extend them to investigate the sensitivity of V2# signals at
140 and 250 GHz to anisotropic motion. These calculations

show the remarkably different lineshapes that are predicted

for three different geometries of spin label reference frame

relative to the URD axis (tk ¼ 1 ms, u¼ 0�, and f¼ 0�; tk ¼
1 ms, u¼ 90�, and f¼ 0�; tk ¼ 1 ms, u¼ 90�, and f¼ 90�)
at 94, 140, and 250 GHz relative to the modest differences in

lineshapes for these same three geometries at 9.8 GHz. A

major uncertainty in ST-EPR studies of very slow rotational

dynamics has been how to relate apparent or effective

rotational correlation times to the true rotational correlation

times for the spin-labeled macromolecule. This uncertainty

arises from the necessity of analyzing experimental data in

terms of a rotational diffusion model. At 9.8 GHz, different

rotational diffusion models can fit the experimental data with

nearly identical statistics (e.g., Hustedt and Beth, 1995). Each

model will yield a different value, or different values, for the

rotational correlation times (Beth and Robinson, 1989; Beth

and Hustedt, 2003).

The spectra in Fig. 4 demonstrate that the V2# spectra at the
higher microwave frequencies have characteristic lineshapes

that are indicative of the diffusion model. This point is readily

appreciated by comparing the data in Fig. 1 where the major

tilt angle is 54.7�, and hence the spectral lineshapes closely

FIGURE 2 Definition of the polar angles between the spin label reference

frame and the URD axis of rotational diffusion.

FIGURE 3 Parameterized data from V2# signals calculated at 9.8, 34, 60,

94, 140, and 250 GHz. The data are plotted as the integral of V2# at tk divided
by the integral of V2# at tk ¼ 1 ms vs. tk in seconds. The URD model and all

input parameters were the same as for the data presented in Fig. 1.

FIGURE 4 Calculated V2# signals for three different URD models at 9.8,

94, 140, and 250 GHz. In each panel, the three spectra are superimposed for

URD with tk ¼ 1 ms and u¼ 0� and f¼ 0� (solid line); u¼ 90� and f¼ 0�
(dashed line); and u ¼ 90� and f ¼ 90� (dotted line). All other input

parameters were the same as in Fig. 1.
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resemble those for isotropic rotational diffusion (Robinson

and Dalton, 1980) with those at the corresponding micro-

wave frequency in Fig. 4. At 9.8 GHz, there are only subtle

differences between the spectral shapes for the three URD

models in Fig. 4 and those at some other correlation time in

Fig. 1. Conversely, at 94, 140, and 250 GHz, none of the

spectra at different correlation times in Fig. 1 look similar to

the three spectra at the corresponding microwave frequency

in Fig. 4. This high sensitivity to the axis of motional

averaging at the higher microwave frequencies as well as to

the correlation time for motional averaging should prove

useful in studies of complex local and global rotational

motions in the very slow motion regime.

Sensitivity of V2# Signals to constrained URD
as a function of microwave frequency

Fig. 5 shows the V2# signals that are predicted to occur for

different widths (D) of a square well restriction on the

amplitude of URD at 9.8 (top left), 94 (top right), 140 (lower
left), and 250 GHz (lower right). The parameterized data in

Fig. 6 demonstrate that the higher microwave frequencies

provide a substantial increase in sensitivity to small values of

D relative to 9.8 GHz (i.e., j@integralj/@D is larger at the

higher frequencies for D , 15�). However, ST-EPR spectra

at the higher frequencies are actually less sensitive than 9.8

GHz to large values of D. The data in Fig. 5 show that as D is

decreased, there is a monotonic change in the V2# lineshape
that mimic the changes that occur as a result of slowing of

unconstrained URD (Fig. 1). However, it may be possible in

many instances to analyze experimental data obtained at

multiple microwave frequencies to uniquely determine D and

tk as described in the Discussion section.

The data in Fig. 5 were calculated using a single URD

model with tk set to 1 ms and the nitroxide z axis tilted by

54.7� relative to the diffusion axis. Although spectral

sensitivity to D is highly dependent on the orientation of

the spin label relative to the URD axis at 9.8 GHz as shown in

previous work (Hustedt and Beth, 2001), the increased

spectral dispersion at microwave frequencies of 94, 140, and

250 GHz minimizes this dependence (data not shown).

However, the magnitude of change in V2# lineshape as

a function of D is monotonically diminished at all four

microwave frequencies as the correlation time for URD

FIGURE 5 Effects of a square well potential on calculated V2# lineshapes at 9.8, 94, 140, and 250 GHz. The eight spectra in each panel were calculated for

a URD model with tk ¼ 1 ms and the spin label z axis tilted by 54.7� relative to the diffusion axis for D-values of 1�, 5�, 15�, 30�, 45�, 60�, 75�, and 90�. The
spectra at all four microwave frequencies monotonically decrease in amplitude as D decreases. All other input parameters were the same as in Fig. 1.
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becomes longer (data not shown). The loss of sensitivity is

the direct result of approaching the no motion limit for the V2#
signal at the longer correlation times. As this limit is

approached, a restriction in amplitude of URD simply pro-

duces no further spectral effects (see Fig. 5 and the accom-

panying discussion in Hustedt and Beth, 2001). The converse

is also true; as D approaches 0�, the spectra become insen-

sitive to tk. The higher microwave frequencies shift these

dependencies slightly, but the overall conclusions remain the

same as for 9.8 and 34 GHz (Hustedt and Beth, 2001).

Dependence of V2# signals on T1e and on ym

Previous work at 9.8 and 34 GHz has shown that the shape of

the V2# signal and the sensitivity of this signal to rotational

motion depend subtly on T1e (e.g., Hyde and Dalton, 1972,

1979; Thomas et al., 1976). Several measurements of T1e
have been made on spin-labeled proteins in the 1–34-GHz

range and over a wide range of rotational correlation times

using saturation recovery EPR (e.g., Percival and Hyde,

1976; Robinson et al., 1994; J. S. Hyde, Medical College of

Wisconsin, private communication, 2003). However, exper-

imentally determined T1e values for solution samples of

nitroxide spin labels in the 94–250-GHz range have not been

reported to date. Therefore, additional calculations have been

carried out using shorter (1 ms) and longer (25 ms) values of
T1e for comparison with the data reported in Figs. 1 and 3–6,

all of which were calculated using a T1e of 5 ms. The data at
250 GHz shown in Fig. 7 summarize a large number of

calculations that have been carried out at 94, 140, and 250

GHz. Specifically, the V2# signal amplitude and lineshape are

dependent on T1e just as they are at 9.8 GHz (see Thomas

et al., 1976; Hyde and Dalton, 1979). However, the overall

sensitivity of this ST-EPR signal to tk is not significantly

altered by T1e over this range of values. We have also

investigated the dependence of the V2# signal on T1n (data not
shown). These calculations have shown that the lineshapes

are largely insensitive to the value of T1n when the nitrogen

nuclear relaxation time is 100 ns or longer. This conclusion

is independent of rotational correlation time in the 1-ms–0.1-
s range and the microwave frequency in the 9.8–250-GHz

range. At X-band, T1n for a 15N nitroxide is ;1 ms at

a correlation time of 1 ms and increases slightly with

increasing correlation time for rotational diffusion in the

1-ms–1-ms time range (see Robinson et al., 1994). Though

extensive solution studies of nitroxide, T1n’s have not been

reported at the higher microwave frequencies to date; it is not

anticipated that they will shorten at the higher frequencies

nor that they will significantly affect the ST-EPR spectra.

The V2# ST-EPR signal at microwave frequencies in the

1–34-GHz range is very sensitive to the amplitude and

frequency of the Zeeman-field modulation (Hyde and Dalton,

1972; Thomas et al., 1976; Robinson, 1983; Beth and

Robinson, 1989). The modulation frequency, in particular,

has been shown to be a useful experimental parameter at the

lower microwave frequencies for shifting the window of

sensitivity to rotational motions (reviewed in Beth and

Robinson, 1989) and for gaining insights into the presence of

multiple motional species (Hustedt and Beth, 1995; Black-

man et al., 2001; Stein et al., 2002). The data in Fig. 8

demonstrate the substantial changes in lineshape that are

observed at different modulation frequencies in the 10–100-

kHz range. The data in Fig. 9 show graphically how

modulation frequencies in the 10–100-kHz range produce

FIGURE 6 Parameterized data from the V2# signals shown in Fig. 4. The

data are plotted as the integral of V2# at D divided by the integral of V2# at
D ¼ 1� vs. D (the full width of the square well potential in degrees).

FIGURE 7 Effect of T1e on the V2# signal at 250 GHz. The parameterized

data were derived from calculations carried out for a URD model with the

nitroxide z axis tilted by 54.7� (u ¼ 54.7� and f ¼ 0�) with respect to the

diffusion axis at the indicated values of tkwith T1e¼ 1 ms (n), 5 ms (:), and

25 ms (d). The data are plotted as [(integral V2# (tk) � integral V2# (tk ¼ 1

ms))/(integral V2# (tk ¼ 100 ms) � integral V2# (tk ¼ 1 ms))] vs. tk in

seconds.
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useful shifts in the window of motional sensitivity at 250-

GHz microwave frequency. In particular, lineshapes calcu-

lated using 100-kHz Zeeman modulation (solid squares)
changed more rapidly with correlation time at the fast end of

the range shown and more slowly at the slow end of the range

in comparison to the lineshapes for 10-kHz Zeeman

modulation (solid circles). Additional calculations at 94

and 140 GHz gave very similar results (data not shown).

DISCUSSION

High field/high frequency linear EPR is becoming an

important tool for spin-labeling studies of protein structure

and microsecond to picosecond dynamics. The advantages of

increased resolution of spectral features due to the anisotropic

g-tensor, the shift in the window of motional sensitivity to

faster rotational correlation times, and the increased sensi-

tivity for small samples have all been well documented in the

literature. Although the success of high field/high frequency

operation in conventional linear EPR studies is well

documented, and spectrometers that operate in the 94–250-

GHz range are increasingly available, the potential advan-

tages of these higher frequencies for ST-EPR studies of very

slow rotational dynamics have not been explored. The

current computational studies have been undertaken to

determine potential advantages of these higher frequencies

and, in so doing, to provide motivation for adapting and

optimizing high field/high frequency instruments for making

experimental ST-EPR measurements on small aqueous

samples. The results from this computational study are very

compelling, particularly with regard to observing and

quantifying the very slow, constrained motions of macro-

molecules. Given the emerging general interest in measuring

and understanding the functional dynamics of proteins that

have been labeled at selected sites by the methods of site-

directed spin labeling, a renewed look at the capabilities of

ST-EPR, including utilization of the many technical

advances in instrumentation that have occurred in the past

three decades, is warranted.

Sensitivity to rotational/reorientational
dynamics over 11 orders of magnitude
in correlation time

Conventional EPR spectroscopy using nitroxide spin labels

can be utilized to measure rotational dynamics in the 10-ps–

1-ms time window at X-band (McCalley et al., 1972). Higher

field/higher frequency extends the range of motional

sensitivity to even shorter correlation times. At 250 GHz, it

is possible to observe motions as fast as 1 ps (see Budil et al.,

1993; Borbat et al., 2001). In contrast, ST-EPR spectroscopy

at X-band provides sensitivity to motions in the microsecond

to millisecond time range (Thomas et al., 1976). The

parameterized data presented in Fig. 3 indicate that ST-

EPR at 250 GHz should extend the slow motion limit

upwards from 1 ms to 0.1 s. Thus, using both conventional

and ST-EPR at frequencies of 9.8 and 250 GHz, it should be

possible to measure the rotational dynamics of a nitroxide

spin label over 11 orders of magnitude in correlation time.

This is a remarkable range of sensitivity that spans most of

the time range of interest in spin-labeling studies of global

FIGURE 8 Effect of ym on calculated V2# lineshapes at 250 GHz. The

four spectra shown were calculated for a URD model with the nitroxide

z axis tilted by 54.7� with respect to the diffusion axis, tk ¼ 100 ms, and

ym ¼ 100, 50, 25, and 10 kHz from top to bottom, respectively. All other

input parameters were the same as given in Fig. 1.

FIGURE 9 Parameterized data for the effect of ym on the V2# signal at 250
GHz. The parameterized data were derived from the calculations shown in

Fig. 7 plus additional spectra calculated at the indicated correlation times.

The data are plotted as [(integral V2# (tk)� integral V2# (tk ¼ 1 ms))/(integral

V2# (tk ¼ 100 ms)� integral V2# (tk ¼ 1 ms))] vs. tk in seconds for ym ¼ 100

kHz (n), 50 kHz (:), and 10 kHz (d). The data at 25 kHz in Fig. 7 have

been omitted from this plot to aid in visualization. The curve at 25 kHz is

bounded by those at 10 and 50 kHz (not shown).
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and local rotational dynamics in proteins. Given that each of

these measurements can be made with the same spin-labeled

sample using different sample geometries and volumes

without the necessity of changing reporter probes, EPR and

ST-EPR offer distinct advantages in terms of ease of sample

preparation and characterization relative to many other

techniques.

Sensitivity to the characteristics of
rotational motion

A vast literature in the past three decades has addressed the

sensitivity of conventional EPR to the characteristics of the

rotational diffusion exhibited by spin-labeled macromole-

cules (for representative reviews see Freed, 1976, 2000;

Seelig, 1976; Griffith and Jost, 1976; Robinson et al., 1985;

for recent examples see Barnes and Freed, 1998; Barnes et al.,

1999; Budil et al., 2000). Previous work has also shown that

ST-EPR spectra in the 9.8–34-GHz range exhibit sensitivity

to anisotropic global rotational diffusion in the microsecond

to millisecond correlation time range (for representative

reviews see Beth and Robinson, 1989; Beth and Hustedt,

2003), to constrained URD (Hustedt and Beth, 2001), and to

motion in a cone relative to a director axis (Howard et al.,

1993). Despite this sensitivity, it has remained challenging to

analyze experimental ST-EPR data at the lower microwave

frequencies from complex systems undergoing multiple

modes of anisotropic and/or constrained rotational motion

since many combinations of correlation times, probe

orientations, and restricting potentials can give rise to

remarkably similar spectra (see Beth and Hustedt, 2003).

The results of the calculations in Fig. 4 show that ST-EPR

spectra at higher field/higher frequency are remarkably

sensitive to the axis of rotational motion. Even at 94 GHz,

the g-tensor anisotropy dominates the spectrum giving rise to

distinct, resolved spectral features when the external

magnetic field is aligned along any one of the three principal

axes of the spin label (see Fig. 4). Consequently, rotational

processes that couple different orientations of the spin label

give rise to spectral effects in distinct regions of the spectrum.

This spreading of sensitivity to distinct motional processes

into different regions of the spectrum should provide greatly

increased capabilities for rigorously testing different mo-

tional models and, consequently, for determining accurate

values for rotational correlation times in real experimental

systems undergoing anisotropic rotational diffusion.

Sensitivity to constrained uniaxial
rotational diffusion

The calculated V2# spectra in Fig. 5 and the parameterized

data in Fig. 6 show that there is a monotonic increase in

sensitivity to small values of D (i.e., D, 15�) for constrained
URD in going from 9.8 to 250 GHz. Interestingly, there is

actually a loss in sensitivity to large values of D (i.e., D .

30�) at the higher microwave frequencies. It should be noted,

however, that these calculations were all carried out using a

5-G (peak-to-peak) Zeeman field modulation amplitude, the

same value that is normally utilized at X-band. It may well be

that one could gain additional sensitivity to large values of D
at the higher frequencies by going to a higher modulation

amplitude. The higher modulation amplitude would couple

a wider range of orientation states thereby potentially

increasing sensitivity to large values of D.
The increased sensitivity to small values of D is helpful if

one is interested in quantitating a very strong constraint to

rotational diffusion. However, it is also reason for some

caution in most spin-labeling applications since the local

small amplitude, high frequency structural fluctuations of the

protein backbone or of the spin label relative to the backbone

can give rise to spectral diffusion that would appear as much

faster overall rotational motion. The issue of binding

‘‘tightness’’ of spin label probes in ST-EPR at X-band has

been addressed previously (see Hyde and Dalton, 1979).

Although this has not routinely been a major concern at the

lower frequencies, it may be a reason for caution at the higher

frequencies. One avenue that should be pursued is to explore

the development of new spin label reagents that have internal

structural rigidity (including planar ring systems with no

possibility for chair/boat interconversions) and that react with

two sites on the protein. Reagents that would bridge i, i 1 2

positions on a b-strand or i, i 1 3 positions on a a-helix, for
example, might prove to be useful additions to the current

selection of spin label reagents for site-directed spin-labeling

applications that address the very slow local or global

dynamics of proteins.

Global analysis of experimental ST-EPR data

In the past decade, computational algorithms for ST-EPR

lineshapes have been incorporated into nonlinear least-

squares minimization routines and utilized to link the

analysis and fitting of multiple experimental data sets

(Hustedt et al., 1993; Hustedt and Beth, 1995; Blackman

et al., 2001; Stein et al., 2002). This data analysis approach,

called global analysis, was initially developed for analyzing

experimental data sets in optical spectroscopy (reviewed in

Beechem et al., 1991; Beechem, 1992). The advantage of

global analysis of experimental data sets, collected under

different conditions, is that it is often possible to separate

complex experiments into their individual components much

more reliably than can be done by analyzing any single

experiment in isolation. There is a detailed discussion of this

approach in fluorescence spectroscopy where data can be

collected as a function of excitation/emission wavelengths,

temperature, pressure, or any other chosen independent

variable (see Beechem et al., 1991).

Beth and Robinson (1989) showed that ST-EPR data

obtained from a two component sample at different Zeeman

modulation frequencies in the 1–100-kHz range could be
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simultaneously analyzed to successfully determine the cor-

relation times and the mol fractions of two isotropic motion

species. Subsequent work has shown that the modulation

frequency is a suitable independent experimental variable for

global analysis of ST-EPR data obtained from complex ex-

perimental systems with multiple motional species present

(e.g., Blackman et al., 2001; Stein et al., 2002). Figs. 8 and 9

show how the spectral lineshapes and the window of

motional sensitivity can be altered by choice of modulation

frequency at 250 GHz microwave frequency. The same

trends are observed at 9.8, 34, 60, 94, and 140 GHz (data not

shown).

The parameterized data shown in Fig. 3 indicate that the

microwave frequency can serve as another very effective

independent experimental variable for global analysis of

experimental ST-EPR data. When the data in Fig. 3 are

replotted as in Fig. 10, the magnitude of the shift of motional

sensitivity as a function of microwave frequency is readily

appreciated. The high sensitivity of the V2# signal to diffusion
model at the higher frequencies shown in Fig. 4, along with

the ability to shift the window of motional sensitivity with

modulation frequency and/or microwave frequency, should

greatly enhance the capabilities of computational approaches

when used in combination with global analysis for uniquely

interpreting the experimental data from complex systems.

In addition to analyzing data from complex systems

undergoing anisotropic rotational diffusion and with more

than one motional species present, it should be possible to

differentiate between the effects of global anisotropic motion

and the effects of a restoring potential on experimental data.

Even though tk and D produce similar spectral effects on the

V2# signal, their effects can be differentiated as a function of

microwave frequency. This differential sensitivity should

prove effective in enabling a detailed analysis of data from

systems where there is constrained motion (e.g., internal very

slow functional dynamics of domains) in the presence of

global very slow motion of the protein.

The current studies and most previous studies of rotational

dynamics of spin-labeled proteins have utilized the V2# signal
exclusively. However, many other EPR signals collected at

a partially saturating microwave power, including the first

harmonic out-of-phase dispersion (U#1; Hyde and Dalton,

1972, 1979; Thomas et al., 1976), also provide sensitivity to

very slow rotational motions (e.g., Perkins et al., 1976). No

attempts have been made to date to include these additional

signals in the global analysis of experimental data due in

large part to the low signal/noise of dispersion signals at the

lower microwave frequencies when using conventional

microwave cavities, as well as the time and effort that are

required to individually collect data both in-phase and out-of-

phase at different harmonics of the Zeeman modulation

frequency. Recent advances in parallel digital detection of

EPR signals including time-locked subsampling (TLSS;

Hyde et al., 1998) permits the simultaneous detection of

absorption and dispersion signals both in-phase and out-of-

phase at all harmonics of the Zeeman modulation. This tech-

nical advance should provide a rich data set for application

of global analysis methods in the fitting and interpretation

of ST-EPR data.

Technical challenges

The calculations presented in this work indicate that ST-EPR

studies at high field/high frequency will provide an important

complement to conventional X-band measurements for

elucidating the complex, very slow dynamics of spin-labeled

proteins or other macromolecules. However, there are

technical challenges that must be addressed before experi-

mental high field/high frequency ST-EPR measurements at

94, 140, or 250 GHz are possible. First, sufficient microwave

power must be available to induce at least partial saturation of

the spin system. Even though T1e values for nitroxide spin-
labeled proteins at these higher frequencies have not been

measured experimentally, current theory and extrapolation

from measurements at lower frequencies suggest that T1e will
get longer as the microwave frequency increases (Robinson

et al., 1994; J. S. Hyde, Medical College of Wisconsin,

personal communication, 2003). Even if T1e increases to 25

ms at 250 GHz, on the order of 0.15-G microwave field in the

rotating frame will still be necessary for obtaining high

sensitivity to rotational dynamics and adequate signal/noise

for ST-EPR. Second, Zeeeman field modulation amplitudes

on the order of 5 G in the 1–100-kHz range that are

homogeneous over the active dimensions of the sample are

desirable. Third, phase sensitive detection with high phase

stability at the first and second harmonics of the reference

FIGURE 10 Parameterized data showing the magnitude of change in V2#
as a function of tk at six different microwave frequencies. All calculations

were carried out using the model described in Fig. 3. The data are plotted as

[(integral V2# (tk) � integral V2# (tk ¼ 1 ms))/(integral V2# (tk ¼ 100 ms) �
integral V2# (tk ¼ 1 ms))] vs. tk in seconds at microwave frequencies of 9.8

(solid hexagons), 34 (;), 60 (:), 94 (¤), 140 (n), and 250 GHz (d).
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modulation frequency or, alternatively, digital parallel de-

tection both in-phase and out-of-phase at the first and second

harmonics are necessary. Though none of these requirements

appear insurmountable, current instruments that have been

designed for conventional EPR experiments at low powerwill

require some modifications for ST-EPR applications.

All of the calculations presented in this work utilized input

parameters that are appropriate for [15N,2H] nitroxide spin

labels. The computational algorithms employed can also be

utilized to calculate lineshapes using input parameters from

[14N,2H] or normal isotope [14N,1H] spin labels. Though

extensive calculations have not been carried out at 94, 140, or

250 GHz to date using input parameters that are appropriate

for [14N,1H] spin labels, the calculations that have been

performed suggest that the same increases in sensitivity to

very slow rotational motions, to small values of D, and to the
anisotropy of rotational motion that are described for the high

resolution [15N,2H] probes are predicted for [14N] spin labels

(data not shown). Although all of the calculations presented

are based on URD models, it is predicted that the same

increases in sensitivity to very slow rotational motions, to the

width of restricting potentials, and to the anisotropy of

motion will be observed for generalized isotropic and

anisotropic motional models as well. Testing of this latter

prediction will have to await extension of the computational

algorithms utilized in this work to include rotational motion

about orthogonal molecular axes or to direct experimental

testing using well-defined model systems once spectrometers

are available for making ST-EPRmeasurements at high field/

high frequency.
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