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It is shown that the commonly used models for analyzing ESR spectra from nitroxide spin-labeled proteins
or DNA systems are special cases of the more general slowly relaxing local structure (SRLS) model, wherein
the nitroxide spin probe is taken as reorienting in a restricted local environment, which itself is relaxing on
a longer time scale. This faster motion describes the internal dynamics, while the slower motion describes
the global tumbling of the macromolecule. By using the SRLS model as the reference, it is shown (1) under
what conditions the microscopic-order macroscopic-disorder (MOMD) model, wherein the global tumbling
of the macromolecule is in the rigid limit, is valid, and (2) when the fast internal motion (FIM) model,
wherein the internal motion is so rapid as to lead to partial averaging of the magnetic tensors, is valid. The
frequency dependence of these models is studied. A key general property of high frequency ESR that emerges
is that it reports on a faster motional time scale, whereas low frequency ESR reports on a slower motional
time scale. It is shown that, in general, the MOMD model is a better approximation for ESR spectra obtained
at high frequency (250 GHz), whereas, in general, the FIM model is a better approximation for low frequency
(9 GHz) ESR spectra. However, in general, one does not find that the simpler model fits, at a single ESR
frequency, to the more complete SRLS model, return correct motional and ordering parameters. The
simultaneous fitting of both low and high frequency ESR spectra is thus required to remove such ambiguities
and to return all the various dynamic, ordering, and geometric factors that characterize the complex dynamics.
This approach is briefly related to recent ESR spectra from the spin-labeled protein, T4 lysozyme, and from
spin-labeled DNA nucleosides. In order to better apply the slow-motional SRLS model to macromolecular
dynamics, the PolimeneFreed theory has been extended to the case where the global tumbling is anisotropic
and where the angle between the principal axis of the global motion and the preferred orientation of the
internal modes of motion is arbitrary.

1. Introduction Let us first analyze the various motions existing in a spin-
labeled protein system (cf. Figure 1). These motions may be
roughly classified into three groups. (i) First, the globular protein

may undergo an overall isotropic tumbling. (ii) Specific side

Ever since the advent of nitroxide spin labeling, it has been
clear that ESR studies of spin-labeled macromolecules can

provide insight into their complex dynamiéslhe recent de-
velopment of the method of site directed spin-labeling of
proteing opens the potential to examine the local dynamical

modes at or near each labeled residue (plus the overall motions}l

thereby ultimately leading to a “map” of the dynamic structure
throughout the protein or other macromolecule. In addition, the

development of modern ESR methods with enhanced sensitivity

to reorientational dynamics such as two-dimensional Fourier
transform ESR*and high field/high frequency ESF may be
expected to improve one’s ability to unravel the complex
dynamic modes from ESR spectroscopy.

In this paper, we wish to examine how a multifrequency
approach, using high as well as low (or standard) ESR fre-

guencies (but otherwise conventional cw methods), can usefully

address the decomposition of the complex dynamic modes
affecting each site label. This primarily theoretical analysis is
motivated, at least in part, by encouraging initial results on site-
directed spin-labeled protein: T4-lysozyme using ESR spectra
at 9 and 250 GHZ.In addition, recent studies on spin-labeled
DNA nucleosides are encouraging in studying DNA dynarhics.
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0595.
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chains within the protein may also fluctuate around an average
orientation. (iii) Finally, the spin labels reorient rapidly with
respect to the alkyl side chains. Detailed discussions of the
arious motions in proteins include recent reviews by ¥ayd
Peng and Wagné®.

The rotational motions existing in a spin-labeled DNA system

may also be grouped in a similar manté? (cf. Figure 2). (i)

The first motion is the global tumbling of the whole DNA helix.

(i) The second group consists of collective uniform bending
and twisting motions of base pairs. (iii) The next group is the
motion of an individual base which also includes the twisting
and bending modes. For example, a base pair may undergo a
large amplitude opening and closing reaction and a small
amplitude libration. (iv) Finally the spin-label reporter group
may experience a local reorientation with respect to the bond
which connects the nitroxide moiety and the base.

In principle, a complete dynamical model should include all
of these motions. However, a useful model may only explicitly
describe a few “composite” modes of motion, because of the
computational limitations as well as the limited experimental
resolution available. A common practice when investigating the
dynamic behavior of protein and DNA systems is to separate
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details of the rotational dynamics in these systems. That is, ESR
involves orientation-dependent terms in the spin-Hamiltonian
(in units of frequency) which are at much higher fregency than
is the case for such NMR terms. Thus, in NMR the (complex)
molecular dynamics leads to nearly complete averaging of the
orientation-dependent terms in liquids with their residual effects
nearly always reflected only in the relaxation timsand T»,
which may be calculated by a second-order perturbation theory
commonly referred to as Redfield thed&However, given the
much larger magnitude of the ESR terms, the effects of the
orientation-dependent terms are often more dramatic and cannot
be analyzed by a perturbational approach. In order to extract
useful dynamic information from such ESR experiments, a slow
motional theory based on the stochastic Liouville equation (SLE)
has been developéd, 3! which shows that the more dramatic
lineshape changes are particularly sensitive to microscopic
_Figure 1. _Schematic iI_Iustration of the v_arious d_ynamical processes details of the dynamics. Furthermore, as one increases the
in a protein system. It is adapted from Figure 1 in ref 17. magnetic field and frequency in ESR, the role of tiensor
in the spin-Hamiltonian grows linearly. Thus, at high fields and
frequencies, the breakdown of perturbative relaxation theories
becomes more dramatic, so the SLE is required over a greater
range of motional rate®.

Even more important than this is the simple fact that ESR at
higher frequencies will be more sensitive to the faster dynamics

Spin-Labe!l
Reorientation |}

Side Chain Y et
Fluctugtion 4—""

Global Tumbling

itroxide Base Pair but will lose its sensitivity to the slower dynamics, as compared
to ESR at the lower fregencies. We may speak of the “time
Collecive scale” of high frequency ESR being faster than that of low
Bending frequency ESR. Thus, for example, the faster internal dynamic
Tw?;?ng modes of a macromolecule may be so fast on the slower time
scale of low frequency ESR that one just observes the spectrum
Tfr'r?gf;‘g wherein these motions are completely averaged out, whereas

on the faster time scale of high frequency ESR their effects are
Figure 2. Schematic illustration of the various dynamical processes clearly discernable. On the other hand, the overall tumbling of
in a DNA system. It is adapted from Figure 1 in ref 47. the macromolecule may be so slow on the fast time scale of
high frequency ESR that it is completely frozen out, whereas
on a slower time scale it is substantially affects the ESR
spectrum. In this paper we will clearly illustrate these matters.

The slow motional ESR theory was recently extended to
explicitly account for coupled dynamical motions occuring at

the global tumbling from the other motions. In this approach,
one first views the dynamics in the lab frame, observing the
overall reorientation of, for example, a globular protein or a
DNA helix, which is assumed to be a freely diffusing rigid

sphere or cylinder, respectively. We then jump to a reference =’ - .
P y P y Jump different time scale®? In the slowly relaxing local structure

frame, which is rigidly attached to the sphere or cylinder, to . ' L
observe the other motions. In other words, the effects of these.(SRLS) modef;"-*>the spin probe is assumed to be reorienting

motions are combined and the resultant dynamics is referred to'na local environment which itself is relaxing on a longer time
as the internal motion. While the overall motion of the proteins scal'e. When applied to magromolecular systems, the faster
or DNA can be estimated from hydrodynamic theory, the motion of the_SRLS model is u‘_sed to describe the internal
internal motion is less well characterized. However, the internal dynamics, while the slower motion accounts for the global

motion is of general interest in connection with many biological rotation _Of the macromolecule. _ )
processes such as dye intercalation, enzyme reactions, and We wish to note here that the SRLS model, which was first

protein—DNA interactiongl12 used in ESR by Polnaszek and Fréfeghd in NMR by Free#

Nuclear magnetic resonance (NMR) has been an importantin the context of liquid-crystal dynamics, largely in the mo-
technique for probing the rotational dynamics in macromol- tionally narrowed regime, by Campbell et #is a quite general
ecules. A variety of models for internal motion was formulated ©One with many possible applications. Since high frequency ESR
by Lipari and Szab® to extract dynamic information from  is almost always in the slow motional regime, the extension of
NMR relaxation studies of deoxyribonucleic acid fragments. SRLS to the slow motional regime by means of the SLE was
However, it was found that the data they used seemed tooimportant?®3’ In the fast motional regime, it should be
limited to lead to a unique physical picture of internal motions mentioned that the “model free” approach of Lipari and
in DNA fragments. They later developed a “model free” Szabé*'°has many features that are similar to the SRLS model.
approack* which has been widely used to interpret NMR A detailed theoretical analysis of the SRLS model has been
relaxation in macromoleculég A generalized order parameter ~ reviewed by Polimeno and Freéd.
and an effective correlation time can be specified for internal  In nearly all previous ESR studies, the physical picture was
motion from relaxation experiments. even further simplified. First it was assumed that the global

As we discussed above, ESR is another powerful tool for and the internal motions occur at different time scales, so that
studying the dynamic processes in macromolecules such agheir dynamic effects can be separated. In addition, it was
proteint8=20 and DNA21~25 systems. Because of its favorable assumed that either the internal motion is in the very fast
time scale, ESR experiments can be even more sensitive to thenotional limit, or else the global motion is in the rigid limit, so
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that only one type of dynamic process is evident in the spectrum
and/or the relaxation behavior. In the fast internal motion (FIM)
models3®40 the internal dynamics, which leads to partial
averaging of the magnetic tensors, is characterized by an
“effective” order parameter, and the global motion is described
in terms of diffusion constant(s). In the model in which the
overall motion is frozen out, the internal dynamics is specified
in terms of the preferred orientation of the internal motion and GF

the orientational potentials about the preferred orientation,

yielding local order parameters and the rotational diffusion MMF
tensor for the internal motion. This model is usually referred to )
as the MOMD model, i.e., microscopic order but macroscopic Figure 3. Reference frames which define the structural and dynamic
disorder**2The very early simplified model of McConnell and  properties of the combined system of spin-labeled moiety and macro-
co-workers#344 which may be referred to as an “averaged molecule. LF= lab frame, CF= cage frame, & = internal director

L AF

25

Hamiltonian” model, is in fact the limit when both FIM and
MOMD models are valid, i.e., frozen overall motion and (nearly)
complete averaging over the internal modes.

frame, MF= internal diffusion frame, GF= g tensor frame, A= A
tensor frame.

solutions, (not necessary, but sufficient for present purposes),

In our present study we make use of the more sophisticatedsg that the macromolecule reorients in an isotropic medium.
SRLS model with special emphasis on its applications to protein However, the internal motion will experience a mean orienting
and DNA systems. Utilizing this SRLS model we are also able potential with symmetry axes that may be tilted relative to the
to discuss the range of validity of the FIM and MOMD limiting  CF. we therefore define an internal ordering framé,Glso
models. known as the internal director frame, or the tilt cage frame,

The paper is organized as follows. In section 2, we present pecause it is a frame fixed in the macromolecule. This frame
the theoretical basis of the latest version of the SRLS model in may be tilted from the CF by Euler angl€gc = (0, Bcc, 0)
the context of slow motional theory, that is particularly assumed to be time independent. Note that, for simplicity, we
applicable for complex macromolecular dynamics. In the take the MF to be the principal axes both for diffusion and for
original SRLS treatment by Polimeno and Frééthe diffusing orientational restriction of the internal modes of motion. Finally
body for the slower motion is assumed to be of spherical shape.the internal diffusion frame may be tilted from the magnetic
Since macromolecules may often be better approximated by g-tensor frame (assumed to coincide with magnétitensor
other shapes (e.g., cylinders), the SLRS model is extended inframe) GF by static Euler angl&@uc = (e, Svc: YMae)-
this paper to model the overall motion of the macromolecule  To complete defining the anisotropic cage model, we next
by anisotropic rotational diffusion. This further requires that write down the time dependent part of the spin Hamiltonian
one specify the tilt between the principal axes of overall for this two body systerd®
diffusion and the preferred orientation of the internal modes of
motion within the macromolecule. In section 3, we discuss the R

. . ; . . . — (1,m)
various models for the internal dynamics which are of biological H = Z z Z Z AL
interest. We then show under which conditions the limiting =02 m==l m=— == §
motional models in the literature can be derived from our general D'mm(QLM)D',,ﬂ,m,(Q,\,lG)Fl(l';g1 " ()
model in section 4. In section 5, we present some ESR spectral
simulations to establish the range of validity of the simplified where x/(m) stands for themth component of thdth rank
models and to consider the efficacy of the multifrequency irreducible spherical tensor or tensor operatatefined in the
approach. Finally in section 6, the main conclusions are N frame, withu specifying the kind of interaction [Zeemag)(

u=g,Al

summarized along with some additional comments.

2. Anisotropic SRLS Model

We will now describe the anisotropic SRLS (or cage) model,
which treats explicitly both the internal motion and the global
tumbling. Let us first define a few coordinate systems, (cf.
Figure 3). The laboratory frame (LF) is a frame at rest whose
z-axis is parallel to the applied magnetic fieBd. Then to
describe the global tumbling, we define a global diffusion frame,
with its z-axis taken along a principal axis of the macromolecule,
e.g., the long axis of the cylinder for a DNA molecule or a
rodlike protein. This frame will be called the cage frame and is
denoted as CE The Euler angle€,c, which transform the C
frame to the lab frame, are modulated by the global tumbling
of the macromolecule, i.e., the instantaneous orientation of the
macromolecule relative to the lab frame, is specifiedChy:.

In a similar manner, to model the internal motion, we define
an internal diffusion frame, MF, which is defined as the
symmetry axes for the diffusion of the internal modes of motion.
Then the Euler angles relating the MF and the Qg are

modulated by both the internal dynamics and the overall
tumbling. Now our discussion will be restricted to isotropic

or hyperfine A)]: D'nn,(QNNv)’s are Wigner rotation matrix
elements which relate the N frame to thefidme. The detailed
form of Al™ and F{'Z" can be found elsewhef@.It can be
seen from eq 1 that the spin Hamiltonian depends on the
modulation ofQ v due to both types of motion. The dynamic
effects of both the global tumbling and the internal motions
are incorporated into the ESR line shape through the diffusion
operator

f — fglobal(QLC) + finternakQLM) + FgIObal(—chM) +
Finternak_QCM) (2)

The first two terms in this equation refer respectively to the
isotropic portions of the two motions, which are functions of
the respective Euler angles. The last two terms are the
contributions due to the internal orienting potential, which
couples the internal and global tumbling motions. They are thus
a function of Qcm, which transforms the MF into the'E. It
can be further expressed as the overall effect of the successive
rotations: —Qcc — Qic + Qum.

When modeling the global tumbling, we usually consider the
protein or DNA fragment as either spherical or a rigid cylinder,
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which undergoes free Brownian diffusion. That is, we adopt a diffusion axis,R? andR}, respectively, as well as two potential
rotational diffusion expression that assumes axial symmetry for coefficients ¢; and c5. (Note thatc; = 0 if the orienting

convenience. (This simplifying assumption is, of course, not potential is asymmetric about the internal ordering axis). When

necessary, cf. ref 33). That is applied to protein systems, these model parameters describe the
~ global 2 e side-chain reorientation. In the case of DNA, it is reasonable to
[9°NQ ) = R + (R — R)J; 3 assume that the collective base motion is slower than the

. individual base motions, since the former involves collective
Here J° is equal to the vector operator that generates an mgvement of more than one base. So if the individual motion

infinitesimal rotation of the probe (except for a factel), with s observed and the collective motion is in the rigid limit, then
components specified in the CF. Thus, the global motion is these parameters describe the individual motion and the effect
completely specified by two diffusion constang&; and R, of the collective motion can be included in the Euler ar@ig-.

describing the wobbling and spinning motions of the “cylinder”, On the other hand, if the collective motion is monitored and

respectively. To a first approximation, these constants can bethe individual motion is in the fast limit, then the internal motion

estimated from the approximate hydrodynamic expressfons. model describes the collective motion and the effect of the
By contrast, the internal motion is more complex in nature. individual motion can be accounted for by the Euler arigigs.

As we may recall from the introduction, the internal motion Now we would like to summarize the model parameters of

consists of the collective and individual base motions for DNA, the anisotropic cage model in its simplest useful form. They

or the side-chain fluctuations for a protein, as well as the spin- gre four diffusion constants, R, R, andR, two potential

label motion in both cases. In a particular experiment, one or parametersr;g andc? and two polar anglecc (cage tilt) and
several modes of these motions may be monitored, and forﬂ,vIG (diffusion tilt).z’

different modes, different models may need to be employed. A
few models have been developed in several studies on thez sjmplified Models at Different Motional Limits
internal motions of DNA and of proteins, and some of them

will be mentioned below. From the above discussion, it is clear that there are at least
In most cases, the internal motion is modeled as an anisotropiceight model parameters in the anisotropic cage model, if the
Brownian diffusior®42 anisotropic diffusion model is used for the overall motion.
Furthermore, the total number of fitting parameters will become

e ) = Jo-R%-3° (4) 14 when two sites are required to calculate a spectrum (cf.

section 5), since each site will have its own internal dynamics.
whereJe is the infinitesimal rotation operator for the internal However, the experimental data measured under normal condi-
motion, and the rotational diffusion tensor for this motion has tions are usually too limited to uniquely determine these

principal component&’,, R}y andR?, In the special case that para.meters. One way of overcom[ng this problem wquld be to
R, = R(y)y: R’ andR, = R’, eq 4 becomes obtain more extensive data at different magnetic fields and

frequencies, a matter we shall turn to in the next section.

fremQ ) = RIZ+ (R — RR)I% (5) However, in the past, simplified models have been introduced

to reduce the number of parameters to be fit. We consider the

Now the internal motion within the macromolecule (cage) is main ones below and show that they are special limiting cases
restricted, and this is represented by an orienting potential, of the SRLS model.

U(Qcw), which is assumed to take the following form 3.1. Very Slow Gobal Tumbling: MOMD Model. For a
relatively long DNA or large protein aggregate, the global
U(Qe)k,T = &5 D5y(Qcn) + Do) + rotation of the whole body may become too slow to be observed
5 _ in an ESR experiment. As a result, we will see a static uniform
Do-oAQcm)] = u(Qcy) (6) orientational distribution of the cylinders, so that the Euler angles

. . . . . Qo = Qc + Qcc, become time independent. Thus, the
l.e., this represents internal motion relative to the preferred jnemal motion can be defined with respect to the internal
orientation in the cage given by'fe I\/lore generally we can  qering frameC’, which is now fixed in the lab frame for each
expandU(Qcw) in a complete set oby \,(Qcw), but eq 6is  |oca site in the sample. Thus

the simplest form consistent with the mod@This will lead to

a set of operator expressions féttema andFgiobal\which appear

| |
in the complete diffusion operator given by eq 2: H= Z Alm)
1 /tZZg,AIZ ) mZ—| mZ—l mZ:—| mz:—| ot
int _ 302, 302, o
FPE= S(RO™) + (R — R )] — i 21.c) Phrir Q) Dby A Ruc) L8 (9)

1 3 A 500 12
Z[(R%)(Jiu)@iu) +RiJu)] (7) This Hamiltonian defines the MOMD model (cf. section 1) for
which the internal diffusion axis is microscopically ordered

and within each macromolecule but the internal ordering axis for
1 each macromolecule in the sample is macroscopically disor-
[olobal _ E(|:\>°D(J°2u) + (R — RE)(3%u)] — dered, i.e., randomly oriented in space. Now only the internal

. motion contributes to the diffusion operat@r.
ARHATWA ) + RG] (8) o |
4 = I—~|nternakQC’M) + FmtematQC’M) (10)

We therefore have four model parameters in the simplest case
for the internal motion: two diffusion constants describing The parameter space of this model contains only the following
diffusion parallel and perpendicular to the principal internal five parameters for the internal motioR;, R?, CS c§ andfve.
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3.2. Very Fast Internal Motion: FIM Model. We next only one diffusion constant, which implies that the protein
consider another motional limit, where the internal motion is complex is approximated as an isotropic body. This model can
in the extreme narrowing regime, i.e., the FIM model (cf. section be obtained from our FIM model by setting the two global
1). In this limit, we cannot observe the dynamic effect of the diffusion constants equal to each other. In a closely related
internal motion but only its averaging effect. This enables us dynamic model developed by Hustedt et al. for DNA systéins,
to perform an ensemble average of the spin Hamiltonian over two diffusion constants are explicitly included for the global
the internal variables. If we further assume that the internal and motion, but the fast internal motion is characterized by a simple
the overall motions occur at different time scales, then, in a parameter, which is a measure of the total mean-squared
time interval, r, which is short compared with the global amplitude of all internal motions. This parameter can be related
tumbling time scale but long compared with the internal to the order paramete:is‘é defined in eq 14 when the the

motional time scale, i.e., internal motion has a small amplitude of oscillation. Thus, this
model is equivalent to our FIM model at high orienting potential.
Tgiobal > T > Tinternal (11) The dynamic cylinder model used by Keyes and co-worfkers

is another variant of our FIM model. However, instead of the
the slower motion will appear static. In this case, an average order parameters, the magnegiandA tensor components are
can be performed on the rotational transformation matrix varied in a spectral simulation. The order parameter is finally
eIementst wARcm), which gives one or a few time inde-  calculated from these tensor components.
pendent order parameters. The spin Hamiltonian for the FIM 3.3, FIM + Very Slow Wobbling Global Motion. For the
model is then given by case of DNA, the FIM model can be simplified by the fact that

the length of a DNA helix is usually much larger than its
. : : ~(lm) diameter. As a result, when the spinning motion of the cylinder
H= z Z z z Z Z AML is in the slow motional region, the wobbling diffusion may be

| #=GAIZ0.2 M= m== =imTE . well into the rigid limit. If we explicitly express the Wigner
Dmm(QLC)Dm.m,(QCC,)[ID A L M)[Dmmmm(QMG)F,,jM rotation matrix for the global motion, we obtain the following
(12) spin Hamiltonian

where the angular brackets indicate ensemble averaged quantl- | L
ties, (cf. below). Z Z z Aﬂ:[“)

The number of the order paramete®?,.,, (Qcwv)(there HSGAIET2 M=l mf=—l = mf =1
are 25 of them in general) may be reduced by utilizing the mm(:BLC)eXp( m Xc)D O(QCC)3§1 Dm - (QMG)F('”‘ b
symmetries of the system. If there is at least a 3-fold symmetry 17)
around the local director of the internal motion, i.e'FCthen
m'' = 0; and if there is at least a two-fold symmetry around the
internal diffusion axis, them'" is either 0 or2. We then have
D2, (Qcwm)(= 0 unlessm” = 0 andm™ = 0 or +2. If, in
addition, only the polar angl@wc is needed to transform
between the M and G frame&( ¢ ’ will then depend on

Here the polar anglB,.c, is now time independent, and a static
averaging should be performed on it. On the other hand, the
azimuthal angle/ ¢ is modulated by the spinning motion, and
its time evolution is governed by a new diffusion operator

Im""”|. Then, one would only need to define two order & e je2
parameters, g I=RJ% (18)
$ = Dl Rew®IC (13)  We are then left with five model parameter&, S, S, ficc
and fvg.
% — DD(%Z[QC’M(t)]EH_ DDZ—Z[QC’M(t)]D (14) 3.4. The Averaged Hamiltonian Model: MOMD + FIM.

In this early model of McConnell and co-workers (cf. section
1) the global motion is assumed to be so slow that it is in the
rigid limit, whereas the internal motion is so fast that it simply
leads to partial averaging of the spin Hamiltonian. That is, we

2 obtain the following time independent spin-Hamiltonian:
D[R cmt)]H= 9 P p

| |
f= AL
1) ﬂ:zg,mZz =1 = Z= Z=—| t

mm(QLC')DDm’m'(QC’M)DD 'm" (QMG)FIm r (19)

where the ensemble averages are defined in terms of the
orienting potential in eq 6,

[ dQD;(Q) exp[d D3((Q) + H2GReFL(Q)]
J dQ exp[¢ D3((Q) + H2GReDpA(Q)]

The internal motion would be completely specified by these
order parametersy and S. The diffusion operator is only
dependent on the global dynamics, which is describe®by
andR; [cf. eq 3]:

Thus only the order paramete&sandS; need to be specified,
and they are the same as those in the FIM model.

A oA 3.5. The Very Anisotropic Rotation (VAR) Model
= rglobal(QLC) (16) y p ( )

The VAR model proposed by Mason et*&lcorresponds to
The other parameters for the FIM model @& and fuvc. the SRLS model wherein the internal motion is so strongly
In a model developed by Timofeev and co-workers for protein coupled to the cage that we can assume the orienting potential
systemd the internal motion is also accounted for by two- coefﬁment of D3((Qcw) in eq 6 becomes extremely large (i.e.
order parameters. However, their global motion is described by c0 — o). Also for simplicity one lets}} = R, Then the overall
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Figure 4. 9 GHz theoretical spectra: (a) Comparisons between SRLS Figure 5. 250 GHz theoretical spectra: (a) Comparisons between
(solid line), MOMD (dashed), and FIM (dotted line) models, using the SRLS (solid line), MOMD (dashed) and FIM (dotted line) models, using
parameters listed in Table 1. (b) NLLS fits of MOMD (dashed line) the parameters listed in Table 1. (b) NLLS fits of MOMD (dashed
and FIM (dotted line) models to simulated SRLS spectra (solid line). line) and FIM (dotted line) models to simulated SRLS spectra (solid

The best fit parameters are given in Table 2. line). The best fit parameters are given in Table 3.
TABLE 1: Magnetic Tensor Parameters TABLE 2: MOMD and FIM Fitting Parameters to a SRLS
Simulated 9 GHz Spectrum
XX vy zz
g 2.0096 2.0067 2.0028 =Rix R=Rx
A (gauss) 7.47 7.21 36.3 model  107(s) 10°(sh) & 0§ Wi(G)
fo (GHz) 9.786 94.696 249.721 SRLS 1 1 3 (0.61) 2
Bo (gauss) 3495 33820 89186 MOMD 0.53 16 (0.36) 14
FIM 2.6 0.89 1.1

af, gives the exact values of the resonance frequency that is
nominally given as 9, 95, or 250 GH2B, corresponds to the center TABLE 3: MOMD and FIM Fitting Parameters to a SRLS
field (g = 2.002 31) for the respective Larmor frequencies. Simulated 250 GHz Spectrum

ffusi ing si . R=Rx  R=R x
diffusion operator of eq 2 takes on the following simple form: model 107 (s'*l) Toe (sl’l) & £ W)

[ = fintemal _ R0 j02 | e jo2 20 SRLS 1 1 3 (0.61) 2
RV R (20) MOMD 0.99 2.83 (0.58) 1.9
Also, in this case the form of the spin Hamiltonian given by eq FIM 163 1.0 54.8
1 is used directly. Here, only the diffusion parametefsand diffusion axis coincides with the bond connecting the spin label
R and the tilt anglefus are needed, when onlfyc is to the base and tilts from the magnetic principal axis by a static
sufficient to determinéQyc. angle. The model treats the diffusion process as an anisotropic

The base disk model used by Keyes et’as. a simple variant ~ body rotating in an isotropic environment. The two diffusion
of the VAR model. It considers the spin-labeled base as the rates represent all motions contributing to the motion of the
diffusion system rather than the DNA helix. The principal labeled base including the global tumbling, in eq 21
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Figure 6. Comparison between SRLS (solid) and MOMD (dashed) modgls.3, W=2G, fc =0,R2=1x 1s L, RR=1x 1(°s'L, The
other parameters are (a) 9 GHR, = 1 x 10's™, Rj =5 x 10’ s'%. (b) 250 GHz: parameters are the same as those in (a). (c) 9 Gfiz 1
x 10° s, Rj =5 x 10° s'%. (d) 250 GHz: parameters are the same as those in (c).

includes the effect of all motions, except for the internal motion to see if a limiting model might be satisfactory. By comparing

of the N—O bond, which is given bR{. results obtained at a low frequency (9 GHz) with those obtained
at a high frequency (250 GHz), we wish to see to what extent
4. Theoretical Simulations the simultaneous use of these two frequencies can resolve

ambiguities and inaccuracies that would exist if only a single

We have described the SRLS model and a few simplified
frequency were used.

models derived from it in different motional limits. These ) )
limiting models contain fewer model parameters and thus require " Figure 4a, we compare the theoretical 9 GHz ESR spectra
less experimental “resolution” to extract dynamic and structural ©f the SRLS, MOMD, and FIM models, using thezfollowmg
information about the systems under investigation. However, ParametersRe, = R} = 10° s7%, R = Rj = 10" s, ¢; = 3 (
certain limiting criteria must be fulfilled for these simplified S = 0.605),8cc' = 0, Buc = 0, and a Lorentzian line widt/
models to yield reliable information. In this section, we will =2 G. This corresponds to a case in which the internal rotations
compare the various models presented in this work and considerare fairly (but not very) fast, the overall motion is an order of
the consequences of an improper use of the limiting models. magnitude slower, and there is substantial internal ordering. It
The precise frequencies and their associated center magneti¢an be seen from the figure that, for the given set of parameters,
fields (for g = 2.00231) as well as the magnetic tensor the FIM model, while it does not give a very good fit, does
components used in this section are listed in Table 1. gives a better approximation to the SRLS model than does the
Let us first provide a “test” of the effects of utilizing an MOMD model.
oversimplified model. That is, we shall assume that a SRLS We now perform two nonlinear least-squares (NLLS) fits to
model is the correct one and utilize some spectra simulated withthe SRLS spectrum with the MOMD and FIM models respec-
the SRLS model as the reference. We shall then attempt totively, as though they were each the correct model. As Figure
obtain best fits (in a least squares sense) to these spectra usingb indicates, reasonable, but not perfect, fits are obtained in
the two simpler models: MOMD and FIM. We shall attempt both cases, but with the high field line being better reproduced
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Figure 7. Comparison between SRLS (solid) and FIM (dashed) modéls. 33W=2G, fc=0,RE=1x 10s, R =1x 1®s™ The
other parameters are (a) 9 GHRY =1 x 1 s, R} = 1 x 10° s'%. (b) 250 GHz: parameters are the same as those in (a). (c) 9 Gkiz 1
x 1 sL, R} =1 x 10 s ™% (d) 250 GHz: parameters are the same as those in (c).

by the FIM model and the low field line better represented by been slowed down by a factor of about 2, since it must partly
the MOMD model. The best fit parameters are listed in Table compensate for the global motion that was not included.

2. We find the following: (i) The FIM model overestimates A similar comparison is also made between SRLS, MOMD
the order parameter and underestimates the size of a DNA orand FIM models at 250 GHz, with the corresponding model
protein complex (i.e., it is too large). Since the internal  parameters given in Table 3. As displayed in Figure 5a, the
motion is assumed to be in the fast limit, the FIM model with spectra from SRLS and MOMD models using the same
the correct parameters produces narrowed lines, as shown imparameters show good agreement except in the high field region,
Figure 4a. This is compensated for by reducing the effect of put the FIM model provides a very poor fit. This is just the
the fast averaging in the only way that the FIM model is capable opposite of the situation for 9 GHz. A NLLS fit to the SRLS
of, i.e., by increasing the order parameter from 0.61 to 0.89. In spectrum using the MOMD model did not significantly improve
addition, is was necessary to increase the global tumbling ratethe agreement between the spectra from the two models (Figure
somewhat. (Note that we constraingd = R{ for simplicity). 5b and Table 3). This result indicates that a global motion of
(i) By contrast, the MOMD model predicts a lower ordering 107 s™1is already in the rigid limit with respect to the 250 GHz
and a slower internal dynamics than the correct values. This iSESR time scale. On the other hand, the FIM model gives a
due to the extremely slow global motion assumed in the MOMD spectrum, which is so different from that from the SRLS model
model, which tends to make the line shapes more like the rigid that it even failed to reproduce the SRLS spectrum in a NLLS
limit, compared with the SRLS spectrum where the global fit (cf. Figure 5b and Table 2). In other words, for motional
motional rate is 10s™1 (Figure 4a). To fit the SRLS spectrum, rates relevant to DNA or protein systems, the SRLS model can
the order parameter has been reduced from 0.61 to 0.36 by thebe well represented by the simpler MOMD model at 250 GHz.
MOMD model. This reduces the effect of the rigid-limit In the recent study on spin label lysozym#his feature was
assumption for the global motion. The internal dynamics has utilized in order to effectively separate the motions of different
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Figure 8. 9 GHz SRLS model simulations (solidec = 0; dashedfcc = 90). CS = 3, W= 2 G. The other parameters are @)= 1 x 10’ s,
R=1x1Ffs,R=5x10s, R =1x100sL b)RE=1x 10s, R =5x10s, R=5x10°s’ R =1x 10°s (c)
R=1x10s,R=1x1s,R=1x1s R =1x1FsL (dRR=1x1s, R =5x 1s,RA=1x1Fs, R =1
x 10° s7L,

time scales. That is, from MOMD fits to the 250 GHz for Rf andR; appreciably greater than this (e.g., 1 ang 30
experimental spectra, reliable parameters were produced for thes~1 respectively, cf. Figure 6a), then MOMD is a very poor
internal motions. Then these internal motional parameters wereapproximation to SRLS. However, for 250 GHz the MOMD
employed in a full SRLS model fit to the 9 GHz spectra to |imit is a reasonable approximation even with substantial global
yield the global tumbling rate. motion (cf. Figure 6b and Figure 5a).

More generally, we see that the high frequency spectra |, gigure 7, we have an analogous comparison between the
provide better sensitivity to the faster motions (e.g., the internal £\ result and the SRLS result. Here we compare results for a

motion), whereas in the low frequency spectra they are nearly
averaged out, but these latter spectra then provide the greateFange of large values d%; andR; to see when the FIM model

o . . approximates the SRLS result. In Figure 7a and b, we use values
sensitivities to the slow motions (e.g., the global tumbling of 0.1 and 1x 10° s respectivelv. which are already quite
motion). Given the limited resolution of the EPR spectra, they ) . P Y ya
allow for ambiguity in the fitting model (especially at low fasf[. Neither the '9° GHz ‘nor the 250 .GHZ spectrashow

satisfactory agreement. The FIM model is not an acceptable

frequency, cf. Figure 4b). However this example implies that, T T
when fit simultaneously, low frequency and high frequency 2PProximation in either case. However, whih and R are

spectra can provide the information needed to fit a model as POth increased by 1 order of magnitude, the 9 GHz SRLS
complex as the SRLS model. spectrum (cf. Flgurg 7c) is very well approxmgted by the FIM
We next wish to estimate the dynamic range over which the Model (see also Figure 4a for somewhat different values),
MOMD result is a good approximation to the SRLS result for although for 250 GHz (cf. Figure 7d) SRLS is poorly ap-
both 9 and 250 GHz. This is shown in Figure 6 where we Proximated by the FIM model. One must increa®eand R}
compare MOMD results to SRLS results using the same by additional order of magnitude for the FIM model to yield a
parameters. We see from Figure 6¢, for the case of 9 GHz ESR,fough approximation to the corresponding 250 GHz SRLS
that whenRS and R’ are 1 and 5x 10F s, respectively, the ~ SPectrum (not shown).
motion has already slowed down sufficiently that the SRLS In addition, by comparison of Figures 6 and 7, in which
result is roughly approximated by the MOMD result; however anisotropic (but axially symmetric) diffusion has been intro-
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Figure 9. 95 GHz SRLS model simulations (soligicc = 0; dashedfcc = 90). The parameters are the same as in Figure 8.

duced, with Figures 4a and 5a for isotropic diffusion, we can show the results for 9 GHz. Case a is R&= 1x10"s, Rcl

note_ the sensitiyity t_o anisotropy in d?ffusion. First, acomp_arison =1x1BFsLR=5x10°s, R =1x10°s71 ie,

of Figure 6a with Figure 4a shows just a small change in both rather fast motions. In case B drops by a factor of 2 from

the predicted 9 GHz _SRLS and MOMD spectra by increasing .ase ato 5¢ 107 L. In case ®? andR; drop by factors of 50

N ¢ = R{/R; from 1 (Figure 4a) to 5 (Figure 6a) alt® = R/ and 10, respectively, from case aR§ = 1 x 18 s andR}

R? from 1 to 10. On the other hand, a comparison of Figure 6b _ 1 x 10° 1, whereas in case &, andR drop by factors of

with Figure 5a shows a much more substantial spectral change:LO and 20 res’pectively from caseDaR‘Q: '1 x 10° s L andRE

at 250 GHz for the same changeliff andN °. Since Figure =5 x 10° s'1 In case a we observe significant differerlmes

6b is already close to the MOMD limit, we may safely conclude between thdgc.c' — 90° and 0°cases. In case b. the modest

. . . . . c — . 1

that this is mainly due to the mcreaseﬁﬁtha_lt yieldedN . drop in R reduces these differences somewhat, undoubtedly

5. This indicates that the 250 GHz spectra will be more sensitive b th R duced I that s

to anisotropy in the internal dynamics than the 9 GHz spectra. ecause ine ra '.(RC' ‘o IS reduce [reca_ al, aQ!C' d
approaches one, i.e., isotropic global tumbling, cage tilt should

In addition, a comparison of the SRLS spectra in Figures 6a h p h N h f
and 7a for 9 GHz vs. Figures 6b and 7b for 250 GHz shows ave no effect on the spectrum]. Note, however, from case ¢

that wherN ¢ increases from 5 to 10, there is a noticeable change that a large drop iR} andR?, also tends to reduce the effect of

in the 9 GHz spectrum, but the 250 GHz spectrum is virtually Acc- When b_OthRﬁ and RE become very small, i.e., case d,

unchanged. This indicates that the 9 GHz spectra will be more then SRLS is approaching the MOMD limit, wherein the

sensitive to anisotropy in the overall motional dynamics. This SPectrum must become independentfet:, as confirmed in

is, of course the expected result, since the 250 GHz spectra arefFigure 8d.

in general, insensitive to all aspects of the overall motional  In Figure 9 for 95 GHz and 10 for 250 GHz we see the same

dynamics. cases a—d illustrated. When we compare the respective case
We now introduce a cage tificc into the SRLS model and  a’s, we observe substantial differences betwgen = 0° and

address the issue of the ability to distingujgdy. We do this 90¢ for all frequencies, but they are somewhat reduced at 250

for the three frequencies: 9, 95, and 250 GHz. In Figure 8 we GHz. We attribute this to the fact that the high frequency
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Figure 10. 250 GHz SRLS model simulations (soliflec = 0; dashedfcc = 90). The parameters are the same as those in Figure 8.

spectrum at 250 GHz is closer to the MOMD limit, which
suppresses sensitivity fécc, as we have seen. This reduced
resolution tofcc at the high frequencies is seen for the case b
series where th&(/R;, anisotropy ratio is reduced by a factor
of 2. However, the large reductions Rj andR? also suppress
the sensitivity tofcc, especially at the higher frequencies.
Finally, the MOMD limit is reached at all frequencies for case
d. Clearly, a sensitivity t@cc requires first and foremost that
RI/R;, = 1, but also that the spectrum not be near the MOMD
limit, and this is made more probable by using low fre-

MOMD model was employed to analyze the 250 GHz data to
yield dynamical information for the internal motioRJ ~ (2—

4) x 1 sL, R ~ 10/-108 st andcj ~ 4 and 1.5 for
different species]. However, in the slower “time scale” of the 9
GHz ESR experiment, the overall rotational diffusion had to
be accounted for in the spectral analysis as noted above. This
was accomplished by using the SRLS model. In this way a
simultaneous fit was successfully obtained for both 9 GHz and
250 GHz ESR spectra. For the DNA systems, since the 250
GHz ESR data was not available, a different approach was

guencies. In addition, slow internal motions also appear to mask adopted. The overall diffusional rates were determined using

this sensitivity, as the spectrum approaches the rigid limit.
Actually, one does not have to be very close to the rigid limit
for the loss of sensitivity t@cc. In fact, if one decreases the
values ofR? andRj] from those for case d, each by a factor of
10, the spectra are still not close the rigid-limit (cf. Figure 11).
Thus, the best way to enhance sensitivitySta would be to

the hydrodynamic theory and fixed in the 9 GHz ESR spectral
analysis. Since the overall tumbling is both anisotropic and in
the slow motional regime with respect to the 9 GHz ESR time
scale [R ~ (0.1-1.5)x 10" s, R} ~ (0.1-3.6) x 10" s71],

the anisotropic SRLS model with the cage fitkc had to be
used to obtain reliable internal dynamics’[R 10°P—10° s1,

increase the temperature to produce faster motional rates inR} ~ 108—10°s! andcﬁ ~ 0.8—3.0,fcc ~ 90].

general.

The SRLS and the related simplified models presented in this 2- Summary and Comments

work have been applied to a protein systeamd some DNA
systems.For the protein system (T4 lysozyme), since the overall
rotational diffusion rate was found to be too slow to significantly
affect the 250 GHz ESR spectraiR R ~ 1 x 10’ s7%), the

By means of spectral simulations of nitroxide spin label
spectra at low and high frequencies, we have confirmed the fact
that ESR at high frequencies will be more sensitive to the faster
dynamics that may well be averaged out at lower frequencies,
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whereas ESR at lower frequencies will be more sensitive to the  In addition to the reasons described in the previous paragraph
slower dynamics that may well be frozen out at higher for a multifrequency approach, there are indeed many subtle
frequencies. A multifrequency study thus has the advantage ofaspects requiring it. One that we studied in detail in this work
enabling one to decompose the dynamic modes into respectiveis a determination of the cage tilt angbec, associated with
components acting on different time scales. In addition, the internal motion, which is possible to accomplish only when
examples were provided to show how individual spectra may RYR® is sufficiently different from unity. One may use high
be fit to oversimplified quels du.e to their limited resolution frequency ESR to freeze out the global motion, as we have seen,
to the dynamics, but this ambiguity can be removed by i, order to more clearly study the internal motions, but it will
simultaneously utilizing spectra at different frequencies. Nev- 4,5 remove any effects ke on such spectra. Low frequency

ertheless, under certain limiting conditions, more general models g \would then be required to obtain this important parameter
such as the SRLS (or dynamic cage) model studied in this work which gives the orientation of the principal axis of internal

will legitimately reduce to simpler models with fewer param- motion relative to the principal axes of the biomolecule.

eters, e.g., when the overall tumbling of the macromolecule is h sis in th dthei | modes of .
very slow, the MOMD model becomes satisfactory, especially . 1N€ analysis in the paper treated the internal modes of motion

for high frequency ESR spectra, and when the internal modes'" rathzer 23|mple manner, i.e., by means of the parameters:
of motion are very fast, then the FIM model becomes satisfac- Rl» R, €5 €5, andfcc Just as it was possible to decompose
tory, especially for low frequency ESR spectra. While these the fastinternal modes from the slower global tumbling by virtue
limits may be useful for fitting individual ESR spectra, they in  of their different time scales by utilizing a multi-frequency ESR
no way reduce the need for a multifrequency ESR study to approach, one may expect that by extending the models used
obtain all the relevant dynamic (e.qg., the diffusion coefficients), and by employing a range of several ESR frequencies, it should
ordering (e.g., ordering parameter) and orientational (e.g., be possible to decompose the internal modes of motion into
Bce and ) parameters for the various relevant modes of components acting over sufficiently different time scales. In
motion. spin-label work, one wishes at the very least to separate the
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internal motion of the spin-label from the internal modes
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(15) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982,104, 4559.

characteristic of the biomolecule. One simple approach for ((516) Hubbell, W. L.; Altenbach, QCurr. Opin. in Struct. Biol1994,4,

dealing with this is to use a spinning diffusion (:oefficieﬁq‘{lt
to represent this spin-label motion, wil}, playing the role of

the composite of the other internal modes. This model assumes,,
that the spin-label motion and other modes of internal motions

(17) Steinhoff, H.-J.; Mollaaghababa, R.; Altenbach, C.; Khorana, H.
G.; Hubbell, W. L.Biophys. Chem1995,56, 89.
(18) Mchaourab, H. S.; Lietzow, M. A.; Hideg, K.; Hubbell, W. L.
ochemistry1996,35, 7692.
(19) Mchaourab, H. S.; Oh, K. J.; Fang, C. J.; Hubbell, W. L.

are decoupled from each other and can be treated as independemtiochemistry1997,36, 307.

processe$® However, a further decomposition of the other
internal modes would still be desirabfe.

(20) Artyukh, R. |.; Kachalova, G. S.; Samaryanov, B. A.; Timofeev,
V. P. Mol. Biol. 1995,29, 87.
(21) Kao, S.-C.; Polnaszek, C. F.; Toppin, C. R.; Bobst, A. M.

We have so far not considered the case of two-site jumps, in Biochemistry1983,22, 5563.

which the internal diffusion axis jumps between two nonequiva-

(22) Spaltenstein, A.; Robinson, B. H.; Hopkins, P. Bochemistry

lent sites, each site having different orientation. This model has 1989,28, 9484.

been employed in NMR relaxation studies of DNA systems. If

(23) Hustedt, E. J.; Kirchner, J. J.; Spaltenstein, A.; Hopkins, P. B.;
Robinson, B. HBiochemistry1995,34, 4369.

the exchange rate between the two sites is too slow compared (24) Bobst, E. V.; Keyes, R. S.; Cao, Y. Y.; Bobst, A. Biochemistry
with the ESR time scale, the ESR line shape would be a 1996,35, 9309.

superposition of the contributions from the two sites. These sites
may have different dynamics, which are described by different

(25) Keyes, R. S.; Bobst, E. V.; Chao, Y. Y.; Bobst, A. Biophys. J.
1997,72, 282.
(26) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of Nuclear

model parameters. The general case in which the exchange rat®agnetic Resonance in One and Two Dimensiddsford: New York,

is fast enough to affect the ESR line shape is a complex one, 1987

especially in the slow motional regime. In principle, it would

be necessary to write a separate SLE for each site, which would

(27) Freed, J. H.; Bruno, G. V.; Polnaszek, CJFPhys. Cheml971,
55, 5270.
(28) Polnaszek, C. F.; Bruno, G. V.; Freed, J.JHChem. Physl973,

include the respective diffusion operator for each site, as well 58, 3185.

as an exchange term between them.

In conjuction with the ESR approach discussed in this paper,

one would want to utilize structural models to infer how the

(29) Freed, J. H. Irspin Labeling: Theory and ApplicationBgrliner,
L., Ed.; Academic Press: New York, 1976; p 53.

(30) Schneider, D. J.; Freed, J. H. Biological Magnetic Resonance
Berliner, L. J., Reuben, J., Ed.; Plenum Publishing Corporation: New York,

projections of the “characteristic” internal modes affect the local 1989; Vol. 8.

motion of the labeled residue, and this needs to be studied as a

(31) Schneider, D. J.; Freed, J. Adv. Chem. Phys1989,73, 387.
(32) Earle, K. A.; Budil, D. E.; Freed, J. H. Phys. Cheml1993,97,

function of the different labeled sites. Whereas this would be a 13239,

complex and tedious challenge, it could well lead to a detailed

mapping of the dynamic structure of the macromolecule.

Finally, we note that time domain ESR, such as 2D-FT-ESR,

(33) Polimeno, A.; Freed, J. H. Phys. Chem1995,99, 10995.
(34) Polnaszek, C. F.; Freed, J. H.Phys. Chem1975,79, 2283.
(35) Freed, J. HJ. Chem. Phys1977,66, 4183.

(36) Campbell, R. F.; Meirovitch, M.; Freed, J. H.Phys. Cheni979,

has the capacity to look directly at relaxation processes, andss, 525.

unlike cw-ESR can distinguish between homogeneous broaden-
ing, which reports on dynamics, and inhomogeneous broadening,

which often reports on microscopic ordering. More powerful

(37) Earle, K. A.; Moscicki, J. K.; Polimeno, A.; Freed, J. H.Chem.
Phys.1997,106, 9996.

(38) Polimeno, A.; Freed, J. FAdv. Chem. Phys1993,83, 89.

(39) Hustedt, E. J.; Spaltenstein, A.; Kirchner, J. J.; Hopkins, P.

multifrequency ESR approaches should ultimately emanate from Robinson, B. HBiochemistry1993, 32, 1774.

such technologies.
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spectra. After averaging over this motion, then the full SRLS model may
be employed to yield bottR} and R| for the “characteristic” internal
modes, assumed to be slower. The analysis of the high frequency ESR
spectra on the same system could be simplified if the global motion is slow
enough to have been frozen out. One must then perform a MOMD-like
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