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ABSTRACT Electron spin resonance (ESR) spectroscopy at 250 GHz and 9 GHz is utilized to study the dynamics and local
structural ordering of a nitroxide-labeled enzyme, T4 lysozyme (EC 3.2.1.17), in aqueous solution from 10°C to 35°C. Two
separate derivatives, labeled at sites 44 and 69, were analyzed. The 250-GHz ESR spectra are well described by a
microscopic ordering with macroscopic disordering (MOMD) model, which includes the influence of the tether connecting the
probe to the protein. In the faster “time scale” of the 250-GHz ESR experiment, the overall rotational diffusion rate of the
enzyme is too slow to significantly affect the spectrum, whereas for the 9-GHz ESR spectra, the overall rotational diffusion
must be accounted for in the analysis. This is accomplished by using a slowly relaxing local structure model (SRLS) for the
dynamics, wherein the tether motion and the overall motion are both included. In this way a simultaneous fit is successfully
obtained for both the 250-GHz and 9-GHz ESR spectra. Two distinct motional/ordering modes of the probe are found for both
lysozyme derivatives, indicating that the tether exists in two distinct conformations on the ESR time scale. The probe diffuses
more rapidly about an axis perpendicular to its tether, which may result from fluctuations of the peptide backbone at the point

of attachment of the spin probe.

INTRODUCTION

The flexibility of proteins is often an integral part of their
functioning. It is often required to allow a substrate to bind
into a narrow active site; it allows for allosteric control from
a distant site on the protein; and for some proteins, the
function itself is defined by its conformational cycles (e.g.,
the contraction of muscle fibers). Inflexible regions are
usually a necessary counterpart to this functionality, as
beautifully demonstrated in the case of the K ion channel
(Doyle et al., 1998). Many proteins have structures that
consist of extended, inflexible regions (denoted as “do-
mains”) connected to one another through relatively flexible
regions of the peptide backbone. The dynamics of these
proteins in solution might be best described as rigid-body-
like rotations of these domains with respect to one another,
or alternatively, they might be best described by specifying
the amplitude at each site on the peptide backbone of the
local fluctuations. It is of interest to understand which
description is best for enzymes, because domain dynamics
have been hypothesized to play an active role in the cata-
lytic process (Gavish, 1986; Lumry, 1995), in contrast to the
current viewpoint (cf. Pauling, 1948). (A typical explana-
tion can be found in Stryer (1988).)

Electron spin resonance (ESR) represents a useful tech-
nique for probing protein dynamics. Numerous studies have
utilized nitroxide-labeled proteins at ESR frequencies of
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9-35 GHz, for which continuous-wave ESR lineshapes are
sensitive to motions of nitroxide-labeled proteins in the
range of 10° to 10'® s™! (Dalton, 1985; Berliner, 1998).

In this study, we extend the ESR analysis of protein
motion to include high-field ESR. High-field ESR line-
shapes of nitroxide spin probes are sensitive to more rapid
reorientational diffusion rates, in the 10'* s~' range (Budil
et al., 1993), than for 9-GHz ESR studies. The virtue of
combining results from two very different frequencies can
be appreciated in terms of the fact that the higher-frequency
250-GHz ESR will provide a faster “snapshot” than 9-GHz
ESR, so that slower motions will be frozen out on the
250-GHz time scale, but will be important on the 9-GHz
time scale. Similarly, faster motions will be completely
averaged out on the 9-GHz time scale, but will be important
on the 250-GHz time scale. This will clearly be helpful in
distinguishing different modes of motion in the complex
dynamics of proteins.

Two recent advances have made such measurements fea-
sible. First, techniques have been developed to apply high-
field ESR to aqueous samples (Barnes and Freed, 1997).
Second, site-directed spin labeling, a method whereby a
given sulfhydryl-specific nitroxide reagent is covalently at-
tached to a protein containing a single predetermined cys-
teine mutation, has been developed (Hubbell et al., 1996).
Attachment of the probe MTSSL ((1-oxyl-2,2,5,5-tetram-
ethylpyrroline-3-methyl)methanethiosulfonate) at solvent-
accessible sites of T4 lysozyme was previously shown not
to alter the thermal stability of the enzyme or its enzymatic
activity as long as the site is not close to the active site cleft
or involved in substrate binding (Mchaourab et al., 1996).

Recent 9-GHz ESR studies of spin-labeled T4 lysozyme
in solution (Mchaourab et al., 1996) and of short, a-helical
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peptides in solution (Miick et al., 1991; Todd and Mill-
hauser, 1991), as well as 140-GHz ESR studies on several
different, but only partly hydrated, spin-labeled proteins
(Krinichnyi, 1991; Artyukh et al., 1995) have all reached the
conclusion that the reorientational diffusion rates reflected
in the ESR lineshapes are correlated with the local motions
of the peptide backbone where the probe is attached. They
are not strongly correlated with the type of nearest-neighbor
amino acid side chains in helical segments (Mchaourab et
al., 1996). Unfortunately, it has proved difficult to provide
a more quanitative measure of both the internal spin probe
dynamics and the protein dynamics from single-frequency
ESR studies.

Using the greater information avaliable to the multifre-
quency ESR approach, we will extend the analysis of the
ESR lineshapes to include both the internal dynamics of the
spin probe and the overall dynamics of the protein. We will
elucidate, through a detailed analysis of both 250-GHz ESR
and 9-GHz ESR spectra of spin-labeled T4 lysozyme in
solution, the appropriate dynamical model by which to
simultaneously analyze the data. It will turn out that the
influence of the tether on the spin probe dynamics is re-
flected in the ESR lineshapes and that the overall diffusive
tumbling of T4 lysozyme must be included in the multifre-
quency ESR analysis. Finally, we seek to understand how
these results can be interpreted in terms of the motion of the
nitroxide spin probe and the local backbone fluctuations of
the protein, and eventually in terms of protein dynamics.

EXPERIMENTAL

Samples consisted of ~1 mM spin-labeled mutant T4 lysozyme in a
phosphate-buffered solution. The spin-labeled mutants of T4 lysozyme
were prepared and purified as previously described (Mchaourab et al.,
1996).

For the 9-GHz ESR, 20 ul of sample was placed in a 0.5 mm i.d. quartz
capillary, which was then sealed with wax. For the 250-GHz ESR, 1 ul of
sample was placed in a flat quartz plate sample holder, which has been
discussed elsewhere (Barnes and Freed, 1997). The details of the design of
the 250-GHz ESR spectrometer at Cornell are discussed by Earle et al.
(1996). ESR lineshapes were recorded at 10°C, 22°C, and 35°C, always in
that order. Above 45°C, the protein irreversibly precipitates out of solution.
The experimental spectra were adjusted to correct for a small admixture of
dispersion signal, according to the procedure described by Earle et al.
(1993).

The hyperfine (4) tensor and g tensor components and the linewidth (w)
tensor components were determined from simulating near-rigid limit ESR
spectra. Once determined, they were used as fixed parameters for the fits
to the low-viscosity solution ESR data. The near-rigid limit spectra were
produced in the following way. Sucrose was added to the T4 lysozyme
solution until it was 62% sucrose by weight. This corresponds to a viscosity
of 100 cP at room temperature. The 250-GHz and 9-GHz ESR spectra of
these samples were then recorded at 10°C.

The near-rigid-limit spectra are shown in Fig. 4. The 9-GHz ESR
lineshapes are sensitive to the 4 tensor parameters, but when the lineshapes
are not at the rigid limit, they are less sensitive to the g tensor. The opposite
case holds for the 250-GHz ESR lineshapes, except for 4,,, which can be
accurately determined. Also, the sweep field range for 250-GHz ESR was
less precisely known than was the sweep field for 9-GHz ESR. Thus, in
fitting these spectra, we first required the value of 4,, from the 250-GHz
ESR spectra to agree with the 9-GHz ESR fits. This enables us to “fine-
tune” the field sweep calibration for the 250-GHz ESR spectra. Second, in
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fitting the 250-GHz ESR lineshape, the parameters 4, and 4, were fixed
at the values found from the fit to the 9-GHz ESR spectra. Third, in fitting
the 9-GHz ESR lineshape, the parameters g,, and g, were fixed at the
values found from the fit to the 250-GHz ESR spectra.

Nonlinear least-squares (NLLS) fits were performed for the 9-GHz and
250-GHz ESR spectra, using the general slow-motional program (Budil et
al., 1996). In the near-rigid limit, the spectra are not very sensitive to the
precise motional model. Thus, for convenience, axially symmetrical
Brownian rotational diffusion was used. The values of R, and R (respec-
tively, the perpendicular and parallel components of the rotational diffusion
tensor) were in the range of 1-6 X 10° s~ consistent with the near-rigid
limit. The results are given in Table 1. The uncertainties in the g-tensor and
A-tensor components that were obtained directly from these NLLS fits as
described by Budil et al. (1996) are comparable to those typically found
from NLLS fitting to rigid limit 250 GHz (and 9 GHz) ESR spectra (Budil
et al., 1993; Earle et al., 1993, 1997). The small uncertainties in these
magnetic tensor parameters are too small to significantly affect the analysis
of the motional spectra, as found in previous studies (Budil et al., 1993;
Earle et al., 1993, 1997). The g-tensor results show that g, is slightly lower
for site 69 than for site 44, and the 4, values indicate that the unpaired spin
density at "N is lower for site 69 than for site 44. An increase in the
polarity of the environment will lower g and raise 4 (Ondar et al., 1985a).
Thus some other mechanism, e.g., a change of the MTSSL ring geometry
(Ondar et al., 1985b), is needed to explain the slight variation in the
magnetic tensor parameters between the two sites.

Two fitting models were used for the low-viscosity samples, viz.
MOMD and SRLS. Briefly, in MOMD we assume that the molecular tether
connecting the spin probe to the protein moves in a restricted fashion, such
that there is a preferred orientation of the spin probe within the protein
molecule. Thus the tether experiences an average torque that tends to align
the spin probe into a low free energy conformation. The degree of this
constraint is determined in the model by the orientation-dependent poten-
tial coefficients, ¢,, and ¢,,. Moreover, the overall rotational motion of the
protein is assumed to be too slow on the ESR time scale to affect the
spectrum. In the SRLS model, the overall rotational motion of the protein
is explicitly included with a rotational diffusion rate, R,. When R, becomes
small enough, the SRLS model reduces to the MOMD model. These two
models are discussed at length elsewhere (Polimeno and Freed, 1995).

RESULTS AND DISCUSSION

The 9-GHz and 250-GHz ESR spectra of T4 Lysozyme,
spin-labeled at site 44 and at site 69, are shown in Figs. 1
and 2, respectively. In the 250-GHz ESR spectra for site 44,

TABLE 1 The magnetic tensor parameters as determined
from the near-rigid limit ESR lineshapes at 9 GHz and 250
GHz, as described in the text

£ #
8xx 8yy Ay Ay, 4,, w w, w,

XX vy 7z

Site 44, 250 GHz ESR

2.00814 2.00597 Al 1 36.18 492 181  2.00
Site 44, 9 GHz ESR
§ $ 6.18 570 3620 130 140 192
Site 69, 250 GHz ESR
2.00801 2.00586 il il 3567 479 242 2.00
Site 69, 9 GHz ESR
§ § 642 614 3562 143 156 1.79

*The estimated relative error is =5 X 10~°, with g,, fixed at 2.00221.
“The estimated error is 0.2 Gauss.

Sndicates this parameter is fixed at the value found from the 250-GHz ESR
spectra.

Indicates this parameter is fixed at the value found from the 9-GHz ESR
spectra.

IThis value was fixed for the fits.
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FIGURE 1 ESR spectra (9 GHz and 250 GHz) of T4 lysozyme in

solution, spin-labeled at site 44.

a broad, weak line near 89,240 Gauss, or g = 2.0022, is
present. This slight contaminant obscures some of the line-
shape near g,,, but not significantly enough to influence the
nonlinear least-squares fits. The contaminant is not ob-
served in the 9-GHz ESR spectra, or in the data from T4
lysozyme labeled at site 69. It could well be present in the
250-GHz spectra for site 44 as a result of the fact that they
were averaged over significantly longer periods of time (~5
h) than were the other spectra. The ESR spectra at the higher
temperatures are motionally narrowed and contain less in-
formation on the dynamics and ordering than the 10°C data.
Thus we only discuss the analysis of the 10°C data here. We
split this section into two parts. In the first, we discuss the
dynamical model that should be used to analyze both the
9-GHz and 250-GHz ESR spectra of spin-labeled proteins at
10°C. In the second part, we interpret the parameters from
the lineshape analysis in terms of protein dynamics.
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FIGURE 2 ESR spectra (9 GHz and 250 GHz) of T4 lysozyme in
solution, spin-labeled at site 69.

Lineshape analysis

The 9-GHz and 250-GHz ESR spectra of T4 Lysozyme in
solution at 10°C, spin-labeled at site 44, are shown in Fig.
3. There are two aspects of these spectra that are immedi-
ately apparent. First, there are at least two distinct motional/
ordering components present. This is demonstrated by the
existence of two peaks of greatly differing linewidths at the
outer portion of the 9-GHz ESR lineshapes, as indicated by
the arrows in Fig. 3 4. The contaminant at g = 2.0022
observed in the 250-GHz ESR spectra would be a feature
=20 Gauss in width and centered near 3415 Gauss in the
9-GHz ESR spectra. Thus the contaminant is not likely to
alter the outer features in the 9-GHz ESR spectra. Further-
more, we were unable to reproduce all of the features of the
250-GHz ESR lineshape, using only a single component
with the fitting models described below (cf. Fig. 3 B).
The second aspect of these lineshapes is that the influence
of the molecular tether connecting the probe to lysozyme
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FIGURE 3 Evidence for two components. (4) 9-GHz ESR lineshape of
T4 lysozyme at 10°C, labeled at site 44. (B) The 250-GHz ESR lineshape
of the same. The arrows for the top spectrum indicate features of the
lineshape that suggest a higher-ordered or slower-motional component
(outer arrows) and a lower-ordered or faster-motional component (inner
arrows). For the 250-GHz ESR lineshapes, the best MOMD-type single-
component fit to the data with no diffusion tilt is shown. It is unable to
simultaneously reproduce the sharp peaks at all of the turning points of the
g tensor.

can be observed. Specifically, in the 250-GHz ESR spec-
trum, note that the peaks due to the x and z turning points of
the g tensor are contracted toward isotropic g (compare Fig.
3 B with Fig. 4 B). In a Brownian diffusion model, the
rotational diffusion rate required to accomplish this contrac-
tion would also broaden the peaks to a much greater degree
than is observed. Instead, these lineshapes indicate that each
spin probe can only reorient within a restricted range of
orientations on the 250-GHz ESR time scale, resulting in a
“partial averaging” of the lineshape. This constraint results
from the stiffness of the tether and the slow reorientational
diffusion of lysozyme. If this motion is very slow on the
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FIGURE 4 (4) 9-GHz ESR spectra and (B) 250-GHz ESR spectra of
spin-labeled T4 lysozyme in a sucrose solution of ~100 cP viscosity at
10°C, and the near-rigid-limit fits.

250-GHz ESR time scale, then we can model this type of
motion by a MOMD lineshape. Briefly, to produce a
MOMD lineshape, first an orientation of the tether is spec-
ified (i.e., a director frame is defined). An ESR lineshape is
calculated for this director frame, within which the spin
probe both reorients and is constrained by an orientation-
dependent potential. The MOMD lineshape is then the in-
tegral of these ESR lineshapes over all tether orientations,
because lysozyme reorients in an isotropic fluid.

Shown in Fig. 5 are some possible conformations of the
spin label based on the model suggested earlier for the
nitroxide side chain on helical surfaces (Mchaourab et al.,
1996). The figure conveys the extent of movement of the
pyrroline ring allowed by the tether. Observe that rotations
about the nitroxide z axis, or perpendicular to the plane of
the pyrroline ring, are less hindered than rotations about the
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FIGURE 5 Three views, top to bottom, of one conformation of the spin
label side chain in a helical sequence (Mchaourab et al., 1996). The views
demonstrate the major degrees of rotational freedom allowed by the tether.
(4) A view approximately along the nitroxide y axis. (B) Views along the
z axis. (C) Views along the x axis. In B the a-helix was replaced by a line
to better view the pyrroline ring. The tether consists of five bonds, C,-
CH,-S-S-CH,-C(pyrroline). Rotations about the first three tether bonds are
highly restricted, apparently because of attractive interactions of the disul-
fide with main-chain atoms (Mchaourab et al., 1996). The maximum angle
of rotation about the last two bonds is determined by steric interactions
between the two sulfur atoms and the ring methyl groups. Rotations of up
to 120° about the fourth bond but only 20° about the fifth bond are allowed.
Rotations about the fourth bond produce motions like those shown in B,
which is represented by the fit parameter R, or R|, whereas the fifth bond
produces motions like those shown in C, which are represented by R,
orR,.

other two directions (details are given in the figure caption).
This suggests that the principal diffusion axis should lie
parallel to the nitroxide z axis. This model is appropriate if
rotations about the single bond in the tether that produces
the motions shown in Fig. 5 B dominate the rotational
diffusion of the pyrroline ring. It could also be the case that
the rotations of all bonds in the tether contribute in an
average sense to the rotational diffusion of the spin probe. In
that case, the principal diffusion axis should be chosen as
the direction from the C,, carbon to the carbon atom on the
pyrroline ring to which the tether is attached. That situation
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is described by a nonzero diffusion tilt of Oy = (ay, By, Ya) =
(0°, 25°, 36°). We fit to the ESR lineshapes, using either no
diffusion tilt or the tilt given above.

The MOMD fits to the 10°C data of the 9-GHz ESR
lineshapes and 250-GHz ESR lineshapes with no diffusion
tilt are shown in Fig. 6. Those MOMD fits using the
diffusion tilt discussed above are shown in Fig. 7. Parame-
ters from these least-squares fits are reported in Table 2 for
the 250-GHz ESR lineshapes and in Table 3 for the 9-GHz
ESR lineshapes.

Although the fit parameters are sensitive to the presence
of diffusion tilt, good fits to the data can be found for either
value of ). However, the parameters for the second com-
ponent are less well determined, partly because of the
broadness of the second component and its overlap with the
first component. (Searches for MOMD fits to the 250-GHz
ESR data with different signs for the parameter c,, for the
second component revealed local minima in the parameter
space, but with reduced least squares = 20% higher than for
the global minimum.) The ambiguity with respect to () is

A Q=(0 0 0)

Site 44
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Field (G)
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FIGURE 6 (4) 9-GHz ESR spectra and (B) 250-GHz ESR spectra of |

mM spin-labeled T4 lysozyme at 10°C, and the best MOMD-type fits using
no diffusion tilt.
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FIGURE 7 (4) 9-GHz ESR spectra and (B) 250-GHz ESR spectra of 1
mM spin-labeled T4 lysozyme at 10°C and the best MOMD-type fits, using
a diffusion tilt of ,; = (0, 25, 36).

reflected by the change of the fit parameters with respect to
a change in (). These shifts are thus considered to be an
estimate of the errors in determining the parameters. It can
be observed that the parameters for the first component are
well determined.

The least-squares fits reveal two important facts about the
spin label motion that are difficult to discern qualitatively.
First, one component has c,, = 4kT, whereas the other
component has a lower ordering potential with ¢,, = 1.4kT,
with a significant rhombic distortion characterized by non-
zero values of ¢,,. Thus the two components are apparently
distinguished in large part by the degree of molecular or-
dering. The second fact about the spin probe motion is that
R, > R, by nearly a factor of 10. We will return to both of
these points in the second half of this section.

We now examine the fits to the 9-GHz ESR lineshapes.
Significant discrepancies between the motional/ordering pa-
rameters determined by the MOMD fits to the 250-GHz
ESR lineshapes (Table 2) and to the 9-GHz ESR lineshapes
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(Table 3) can be observed. Although the MOMD fits to the
9-GHz ESR data are good, the parameters are quite different
from those found for the 250-GHz ESR lineshapes. How-
ever, the two parameter sets can be related through the
approximate, empirical relations c,o(9 GHz) =~ ¢,,(250
GHz)/2, and R(9 GHz) =~ R(250 GHz)/4. This is not a result
of finding a false minimum in the parameter space: if the
250-GHz ESR fit parameters are fixed in a MOMD fit to the
9-GHz ESR lineshapes, and only the isotropic, homoge-
neous linewidth is allowed to vary, then the unsatisfactory
fit shown in Fig. 8 A4 results. We offer an explanation for
these observations, which will then be supported by quan-
titative fits shown below.

Lysozyme itself is slowly tumbling in solution with a
rotational diffusion rate of ~10” s~ ' (Brune and Kim,
1993), which is virtually the rigid limit on the 250-GHz
ESR time scale. The spin probe, constrained by the tether,
will diffuse within the range of orientations allowed it by
the tether at a fast enough rate that its effects are observed
on the 250-GHz ESR time scale. Thus the rotational diffu-
sion rates refer to the spin probe motion. However, on the
slower 9-GHz ESR time scale, both the motion of the spin
probe and the overall tumbling motion of the protein will
affect the spectrum. Thus the combined spin probe, tether,
and protein system will reorient by a more significant
amount on the 9-GHz time scale. This will appear to in-
crease the range over which the spin probe can reorient, and
thus we expect that the “effective” orientation-dependent
potential should be lowered. At the same time, the “effec-
tive” rotational diffusion rate will have to be lowered,
because it represents a composite of the slower overall
rotational rate of the protein and the faster motion of the
spin probe.

The above observations imply that a SRLS model is the
correct model for fitting the 9-GHz ESR lineshapes (Poli-
meno and Freed, 1995), because it can simultaneously in-
clude both modes of motion. To demonstrate this, a SRLS
fit shown in Fig. 8 B, in which only the residual linewidth,
and the overall rotational diffusion rate of lysozyme, R, are
varied. The rest of the motional/ordering parameters were
fixed at the values found from the MOMD fits to the
250-GHz ESR lineshapes (with only a small adjustment of
¢, allowed for site 69, within its experimental uncertainty).
The value found for R, is 1.2 X 107 s~' for site 44 and
1.1 X 107 s~ ! for site 69, and w ~ 1.5 Gauss for both sites.
A comparison between the MOMD and the SRLS fits in
Fig. 8 clearly demonstrates the need for the SRLS model for
the 9-GHz ESR spectra, if one is to obtain good fits to both
9-GHz and 250-GHz spectra with a single set of fitting
parameters.

Thus we see that the multifrequency approach taken here
is indispensable for an accurate interpretation of the spectra.
This is especially true for the MTSSL spin probe, because
the two overlapping components result in a loss of resolu-
tion. The 250-GHz ESR lineshapes are significantly more
sensitive to the internal dynamics of the spin probe, whereas
the 9-GHz ESR lineshapes help to determine the tether and
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TABLE 2 Results of fitting to 250-GHz ESR lineshapes alone

Volume 76 June 1999

MOMD fits to 250 GHz ESR at 10°C

Component 1

Component 2

X R, R, Ca0 % R, R, =R, Ca0 Car %
Site 44, Q = (0, 0, 0)

1.16 2 X 108 2 %X 107 4.1 42 3 % 10® 6% 108 5% 10° 14 -0.9 58
Site 69, Q = (0, 0, 0)

113 2 X 108 2 X 107 45 35 2 %X 10° 8 X 107 4% 108 1.6 0.6 65
Site 44, O = (0, 25, 36)

1.23 2% 108 2 X 107 43 40 4 %108 4% 108 2 X 107 0.8 0.0 60
Site 69, Q = (0, 25, 36)

125 2 X 108 3% 107 5.2 34 7 X 108 5% 107 2% 108 2.5 -1.7 67

Diffusion rates are in units of s~!, and potentials are in units of k7. The additional linewidth was fixed at 2 Gauss. The errors are estimated to be +10%
for the parameters of component 1, and +20% for R, and a factor of 2 for the potential coefficients for component 2.

overall lysozyme dynamics. Together, the two well-sepa-
rated ESR frequencies can provide a unique set of motional/
ordering parameters with which to fit the data.

Protein dynamics

The 9-GHz and 250-GHz ESR spectra for sites 44 and 69
differ in quantitative detail but are similar in general fea-
tures. They are both characterized by two components, and
the spin label has similar internal dynamics at the two sites,
especially for the first component. However, the percentage
of component 1 is lower for site 69 than for site 44, but not
by a large amount (34% to 40%, respectively, when diffu-
sion tilt was used).

Most of the fit parameters can be understood to result
from the internal dynamics of the spin probe itself. This can
be seen from an examination of Fig. 5. Rotations about the
fourth bond in the tether are allowed a greater amplitude
(Fig. 5 B) than rotations about the fifth bond (Fig. 5 C) due
to steric constraints. For this spin probe, the pyrroline ring
is relatively free from steric interactions between nearest-
neighbor amino acid side chains (Mchaourab et al., 1996).
The restriction of freedom of rotation about the fifth bond
or, equivalently, about the nitroxide’s x axis, to 20° suggests
an orientation-dependent potential with ¢,, ~ 4kT to con-

TABLE 3 9-GHz ESR fits using MOMD-type motion

strain the nitroxide’s z axis to remain within 20° of the
director axis. In addition, the least-squares fits yield R | >
R. Note that this observation is a consequence of the
simultaneous analysis of multiple ESR frequencies. If a
nonlinear least-squares analysis is performed on the 9-GHz
ESR lineshapes alone, using a MOMD model that ignores
the contribution of the protein tumbling, our experience
indicates that the fit will produce parameters with R, << R.

An interesting explanation of the rotational diffusion
parameters is that R | is selectively increased relative to R,
because of a motion of the peptide backbone to which the
spin probe is attached. For example, from Fig. 5 it can be
observed that a twisting of the a-helix about its long axis
will be equivalent to rotations about the nitroxide’s x axis.
Such peptide chain motions could be either very local or be
due to collective domain dynamics. The fast rate for R, (10®
s~ ') suggests more localized backbone fluctuations. How-
ever, some dynamics simulations do place domain dynam-
ics of lysozyme at these time scales (Gibrat and Go, 1990),
although such dynamics are probably best described as
diffusive because of strong coupling to the surrounding
solvent (Richard et al., 1992; Smith et al., 1990). If this
explanation is correct, then multifrequency ESR on spin-
labeled proteins is a method by which local peptide back-
bone fluctuations can be measured using these spin probes.

MOMD fits to 9-GHz ESR at 10°C

Component 1

Component 2

X2 R, R, [ % R, R =R, Cao [ %
Site 44, ) = (0, 0, 0)

25.4 4 %107 2 % 107 222 38 6 % 107 2 X 108 <10° 0.53 0.00 62
Site 69, Q) = (0, 0, 0)

71.5 6 X107 8 X 10° 2.26 50 1x108 1 X108 >10"° 0.70 0.01 50
Site 44, ) = (0, 25, 36)

26.8 5% 107 8 X 107 2.05 58 6 % 107 3 X 10® 1x10° 0.47 0.0 42
Site 69, Q) = (0, 25, 36)

52.7 7 % 107 4% 10° 2.71 32 6 % 107 2% 108 8 X 10° 1.03 —0.94 68

Rotational diffusion rates are in units of s ', and the potential coefficients are in units of k7. The linewidth tensor was fixed to w, = w,

v = 03andw,, =

0.8 Gauss. The errors are estimated as being =10% for the parameters of component 1, and =20% for R, and a factor of 2 for the potential coefficients,

for component 2.
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FIGURE 8 A comparison of two fits (— — —) to the 9-GHz ESR spectra
of 1 mM spin-labeled T4 Lysozyme at 10°C (——), but using the param-
eters found from the MOMD fits to the 250 GHz ESR data. Top: The
MOMD model. Bottom: The SLRS model (for details see text).

CONCLUSIONS

An analysis of multifrequency (9 GHz and 250 GHz) ESR
spectra of site-directed, spin-labeled T4 lysozyme at sites 44
and 69 in solution at 10°C, has demonstrated the following:
1) A MOMD motional model is adequate for fitting the
250-GHz ESR lineshapes of this system. The model repre-
sents the restricted motion of the tether connected to the
protein whose overall motion is too slow to affect the
250-GHz ESR spectrum. 2) For the 9-GHz ESR spectra, a
SRLS motional model, which explicitly includes the dy-
namic effects of the overall rotational motion of the protein,
is necessary to achieve consistency with the motional/or-
dering parameters extracted from the 250-GHz ESR spectra.
3) The disulfide-linked nitroxide side chain used in these
studies has two distinct states characterized by different
degrees of molecular order. The origin of the two states
remains a matter for speculation, but they are likely to
correspond to two preferred rotomeric states of the side
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chain about the C,-Cg bond. The nitroxide ring would
experience a unique local environment in the rotomers,
resulting in different constraints on the diffusive motions. 4)
This spin label reorients more rapidly when perpendicular to
its tether axis than when parallel to it. This motion cannot be
completely explained by the likely internal dynamics of the
spin probe tether. The explanation may be that R, is mea-
suring fast fluctuations of the peptide backbone at the site to
which the spin probe is attached.

This work has clearly demonstrated the advantages of a
multifrequency approach. More precise assignments of the
details of the dynamics may be expected from studies of
spin-labeled mutants at sites yielding a single component,
thereby enhancing the spectral resolution, and experiments
at additional ESR frequencies that provide more indepen-
dent data.
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