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Electron spin resonance (ESR) spectra were obtained at 250 and 9 GHz for nitroxide-labeled mutants of the
protein T4 lysozyme in aqueous solution over a range of temperatures from 2 t6@Q7Two mutants

labeled at sites 72 and 131 were studied and compared. The mutant sites are solvent exposed and free of
tertiary interactions with other side chains, but the former is at the ceh&eb durn helix, whereas the latter

site is on a small two and a half turn helix. The 250 GHz ESR spectra, because of their “fast time scale”, are
rather insensitive to the slow overall tumbling motion of the protein. Thus, they are qualitatively different for
the two mutants, implying that there are different local dynamics at the two sites. The 9 GHz spectra, which
are significantly affected by the overall tumbling and are less sensitive to the internal dynamics, do not show
such marked differences between the two sites. The 250 and 9 GHz spectra for each mutant and temperature
were simultaneously fit to the slowly relaxing local structure (SRLS) model for slow-motional ESR, using
newly developed software. The SRLS model explicitly accounts for the overall tumbling of the protein and
the internal modes of motion, which include the motion of the nitroxide side chain (expected to be the same
for both mutants) and backbone fluctuations. Very good simultaneous fits are obtained. Whereas two conformers
(or spectral components) are typically detected at the lower temperatures, only a single component is observed
at the higher temperatures. The significant differences in the high-frequency spectra for the two mutants are

readily attributed mainly to a difference in their respective local ordering. That is, site 72 exhibits significantly
greater local ordering than does site 131, which is expected from the greater rigidity of the larger helix on
which the 72 site is located. The results of this multifrequency study are compared with a previous 9 GHz
study. A description of the application of the SRLS model in such a multifrequency study is provided.

1. Introduction

' . Ca
The dynamic modes of proteins include the overall rotation = S/S\CB{
of the protein, backbone fluctuations, internal motions of the ; :
side chains, and conformational switching, all of which may g I :
be important for protein functioh:® In principle, site-directed S O
spin-labeling (SDSL) can provide quantitative data on each of side-chain R1

these mode$.’ In this technique, a nitroxide side chain is  Figure 1. Structure of the R1 side chain.

substituted at a selected site, and the dynamic behavior of the

nitroxide can be deduced from a proper analysis of the ESR ordered but macroscopically disordered (MOMD) matiéi.
spectrun® A basic premise of SDSL experiments aimed at this model the nitroxide diffusion is constrained by a local
elucidating protein dynamics is that the motion of the nitroxide ordering potential (microscopically ordered), but the globular
encodes information on all of the dynamic modes of the protein. protein is immobilized on the ESR time scale and is statically
A current goal in SDSL research is to develop strategies to distributed with respect to the magnetic field (macroscopically
extract that information. disordered).

Significant progress has been made toward this goal for the An attractive alternative model for analyzing the nitroxide
nitroxide side chain designated R1 (Figure 1) at helix surface motion in spin-labeled proteins is the slowly relaxing local
sites in T4 lysozyme (cf. Figure 2). In recent studies, dynamic structure model (SRLSJ. 22 In this model, the overall rotational
contributions from the overall rotational diffusion mode of the diffusion mode of the protein is accounted for explicitly,
protein were reduced by increasing the solution viscosity, and eliminating the need for increasing the viscosity of the medium.
contributions from the internal modes of the side cHaamd In an earlier study of T4 Lysozyme dynamics in solutions of
backbone fluctuations were characteriZzéd these studies, the  low viscosity}®it was demonstrated that ESR spectra measured
motion of the nitroxide was analyzed using the microscopically at 250 and 9 GHz could not be fit with the MOMD model using
the same set of parameters. Because the dynamic parameters
* Corresponding author. do not depend on the microwave frequency, it is clear that the
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model. (On the other hand, if the internal motion is very fast
so that it effectively partially averages the magnetic tensors,
then the SRLS model reduces to the fast internal motion (FIM)
model®) Past work has shown that the MOMD model is often
a useful approximation at 250 GHz because the global motion
of the protein is too slow to substantially affect the 250 GHz
spectrum. However, for small proteins at 9 GHz both the global
motion and the internal dynamics affect the spectrum. Its
analysis thus requires the more complex SRLS model. In this
spirit, the discrepancy between the results from the 250 and 9
GHz spectral fitting was resolved in a previous multifrequency
ESR study of T4 lysozym& The 250 GHz spectra were first
fit using the MOMD model, and the results provided the internal

) V)ﬂ,.«»-' N motional parameters. These parameters were then used in the

e SRLS model fit of the 9 GHz spectra to yield the global motional
Re 4 rate. (From this viewpoint, it is clear that the simple MOMD
model fits to the 9 GHz spectra yield results that are a composite
- of the internal and the overall motions but are not easily
Figure 2. Ribbon model of T4 lysozyme showing the R1 side chain econciled into these respective moéé3.In this work, a more
at sites 72 and 131. The dynamic parameters of the SRLS model aregeneral approach to extracting dynamic information from spin-
indicated (see text). labeled proteins without the use of increased solution viscosity

. . . is applied. The ESR spectra measured at the different frequencies

MOMD model is not adequate for analyzing multifrequency e fit simultaneously using the SRLS model with a common
data for small proteins where rotational diffusion of the protein gat of dynamical and ordering parameters, using newly devel-
_makes significant c_:ontribution_s to the nitroxide motion. In fac_:t, oped nonlinear least-squares fitting software. This approach does
it was shown thgt in order to fit the results at both fr.equenmes not require any assumptions regarding the time scales and their
one must explicitly account for both the global motion of the  genaration. It also allows for an arbitrary number of multifre-
protein and the internal motion of the nitroxide side chain using quency ESR spectra to be fit simultaneously to enhance the

the SRLS model. _ . _ spectral sensitivity to the fitting parameters. This method is
The SRLS model, which was originally proposed to interpret applied to the analysis and interpretation of the dynamical

12
ESR specitra for qther types of SySte?S' has ”l;%r erecently  penhavior of T4 lysozyme mutants. Nonlinear least-squares fitting
been formulated in the context of ESBnd NMR*™ analyses is performed to minimize the difference between the SRLS

of bioE!ogicaI mgcromolecules. In such a slow-mc_>tiona| ESR model line shapes and the experimental spectra at both 250 and
study,’ the applicability of the SRLS model and its relevant g Gy, The focus in this work is on a comparison of the results

'”.““‘“9 models for the gnalysis of d_ynamical properties of obtained for the spin-labeled mutants 72R1 and 131R1, where

_b|o|og|ca| systems was discussed. This ”_‘Ode' has been used R1 is free of tertiary interactions with other side chéins.

:nterpretetf?pegrlnggtal ESbR d?@ frodmhspln—lathlled.DNﬁ]A Perhaps most significant in this study is the dramatic
t t

ysozyme,”anc fipic memoranes,and tese applcations have sensitivity of the high-frequency, 250 GHz spectra to the subtle

been reviewed elsewhe¥é!® It has also been used in the it i the i | ional he diff X
analysis of protein NMR relaxation datér22 di ferences in the internal motional features at the different sites.
Compared with the MOMD model, more experimental data This is illustrated in Figure 3a, which compares the 250 GHz
spectra of 72R1 and 131R1 at the same temperature. These

are needed to determine the larger number of fitting parameters

associated with the SRLS model. One approach is to use theSPectra are qualitatively different, despite the fact that the
nitroxide label and the overall tumbling rates are identical. This

global diffusion constant estimated from independent experi- ) can ;
ments or from hydrodynamic theory. Then only the internal clearly implies that there is different local dynamlcs at these
motional parameters are varied in the nonlinear least-squared\W0 Sites. The 9 GHz spectra from these two sites, on the other
(NLLS) fitting proces€3 This approach has been used in a study hand, QO not show such S|gn|f|cant_d|fferences (cf. E|gure 3b).
of the dynamical properties of DNA systems using 9 GHz ESR This arises for two reasons. First, given the “slo_wer time scale”
and hydrodynamic theo?. A more common approach is to of the 9 GHz spectra, the)_/ are more substantially affected by
use the ESR data measured at different frequencies. Multifre- the common overall tumbling motidi#*+’ Second, 250 GHz
quency ESR has proven to be a useful tool for analyzing spectra prow_deT mu_ch better or_lentatlonal resol_utlon;_ viz., one
complex dynamics processes in biological systems. By opening ¢an clt_aarly dlstlngu_lsh the precise mole_cular_orlentat_m_n corre-
multiple ESR windows, the various modes of motion sponding to the different spectral regions in the rigid .I|m|t
with different time scales may be selectively probed and spec.:traV This Iegds to enhapced sensitivity to the details of
separated316-18 Multifrequency ESR has also been employed the .|nternal motlonal dynamics of the nitroxide in the slow-
to study the rotational dynamics of a spin-labeled poly¥her ~motional regiorf:t?
and a spin-labeled protefhput without the benefit of the SRLS The results are discussed in terms of the respective molecular
model. Instead, the ESR data measured at different magneticstructures and the various dynamic modes at these two sites.
fields were analyzed in terms of the MOMD model. Again, the The major conclusions are the following: (1) At both sites, there
spectra at different frequencies could not be simultaneously fit is only one spectral component at higher temperatures, whereas
with the same set of parameters. at lower temperatures, two components are found, indicating a
Different ESR frequencies are sensitive to motions of different stronger interaction of the nitroxide with nearby groups in the
time scales. This has been utilized to simplify the ESR spectral protein. (2) The nitroxide has similar local mobilities at both
analysis. For example, when the global motion is slow enough sites; however, it shows a higher local ordering for 72R1 than
to be in the rigid limit, the SRLS model reduces to the MOMD for 131R1, most likely due to contributions from backbone

Protein motion
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T4 Lysozyme Dynamics

motions. For 72R1, R1 is at the center of a five turn helix, which
should be more constrained in its internal motion than for
131R1, wherein R1 is on a small two and a half turn helix.

In the following section the theoretical foundations are briefly
reviewed. The SRLS model is outlined within the site directed
spin-labeling context, and the basis sets and their pruning, which
speeds up the spectral simulations and fitting, are noted. The
experimental methods are presented in section 3. In section 4,
the fitting procedures and results are described. They are
analyzed and discussed in section 5. Finally, the major conclu-
sions of this work are summarized in section 6.

2. Theoretical Foundation

An ESR signal from a nitroxide spin-label located in a
magnetic field,By, is determined in large part by the spin
Hamiltonian?®

| |
A=3 2 3 2 AlYm@oFs" O
u=g,A =02 m=— m=—

In this equation, two coordinate systems, thand G frames,
have been defined: The laboratoty) frame is defined with
its z-axis along the magnetic fiell,, and the magnetic tensor
(G) frame (more precisely thg-tensor frame) is determined
by the molecular structure of the nitroxide. While the spin
operatorsA[”, are quantized in the space-fixedrame, the
magnetic tensor of type (Zeeman or hyperfine}?ﬂ;m), is best
expressed in the molecule-fixgalframe. The Wigner rotation
matrix elements relating the and G frames,@'mm(QLG), are
time-dependent. It is through the Euler angfsg, which relate
the G frame to thel frame, that the various rotational motions
will affect the ESR line shapes. This transformation may be
decomposed into a series of subtransformations, depending o
the system under study and the model which is used.

2.1. SRLS Model. Let us consider a system where the

nitroxide spin-label is attached to a macromolecule such as aFigure 3. Comparison of the experimental ESR spectra for mutant
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protein, as illustrated in Figure 2 for T4 Lysozyme. The 131R1 and 72R1 at 2ZC: (a) 250 GHz; (b) 9 GHz.

orientation of the nitroxide with respect to the magnetic field
is modulated not only by the reorientation of the nitroxide
(internal motions) but also by the overall rotation of the
macromolecule (global motion). The local motion of the
nitroxide is constrained by its surroundings, by its tether to the
protein backbone, and by backbone flexibility. Thus, in the
SRLS model we are dealing with at least two modes of motion,
which we can represent by two bodies whose motions are
coupled!? For each motion, two tensor frames need to be
introduced. The first is the diffusion frame which is a body-
fixed frame and is usually determined by its geometric shape.
The second is the director frame whose axes represent the
preferred orientation of the body. We describe this model below
and note the simplifications we introduce for convenience and
feasibility in fitting the experimental results.

For the internal motion of the nitroxide, the internal diffusion
(M) frame (cf. Figure 4) is fixed with respect to the nitroxide,
such that itsz-axis is usually taken as the effective axis for
internal rotation about its tether. In general, the reorientation
of the nitroxide spin-label is restricted due to limited torsional
oscillations about the bonds that connect it to the backbone and
any interactions with the local environment. The spin-label
experiences an increased orienting potential wheZjytsixis
deviates from its equilibrium orientation relative to the local

Laboratory

LF Q- (7)

Global diffusion

CF

M

Internal diffusion

Figure 4. Various reference frames which define the slowly relaxing
local structure (SRLS) and microscopic order and macroscopic disorder
(MOMD) models.

the cylinder is taken to be theaxis for the global diffusion
(C) frame. TheC frame is fixed in the macromolecule. In the

protein structure. This equilibrium orientation is referred to as case of a protein rotating in an isotropic solution (e.g., a water-
the internal director@') frame. soluble protein), the global director is arbitrary (but a membrane

The global motion of the macromolecule is frequently protein would have a preferential orientation of@$rame with
approximated as that of a cylinder, such that the long axis of respect to the global director).
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The various reference frames defined in this paper and theirand
relationships are shown in Figure 4. The latidrame is space- 1 1
fixed, both theC and theC' frames are protein-fixed, and both ¢ —21c| (362 _ =3 je¢ _
the M and theG frames are fixed with respect to the nitroxide F ZRC (u(Qcw) 2(‘J+U(Qc'm))(37 u(Qcw)
moiety. Thus, the Euler angl€3yc are time-independent for a l(jcu(Q ))z @)
rigid spin-label. It is often assumed for convenience Rat 2\ CMm
= (0, Bua, 0); i.e., only the polar anglgye, also known as ] ) ) o _
diffusion tilt, needs to be considered. Similarly, the Euler angles Here the dimensionless (or reduced) internal orienting potential,
Qcc are also time-independent for a rigid macromolecule. Itis Y(€2cw), is defined in terms of the actual orienting potential
reasonable to assume that only the polar apgle (cage tilt) U(Qcw) devided bykeT as
is important. (The cage tilt may be conveniently set to zero for )
a spherical macromolecule.) The time-dependent Euler angles_u(QC'M) = —U(Qcm)/kT = C3%o(Rem)
Qv and Q¢ are modulated by the internal motion and the Col Do Qem) + Do o(Qe)] (8)
global motion, respectively. These angles are properly referred
to the fixed lab frame for purposes of properly describing the where two dimensionless potential coefficients have been
diffusion (cf. eq 3). (Note thaQ u involves the sum of  introduced: cyo is a measure of the orientational ordering of
rotations: Q¢ + Qcc + Qcwm (cf. Figure 4).) Finally, the time-  the spin probe with respect to the internal director, whecgas
dependent Euler anglé3c are influenced by the presence of measures the asymmetry of the ordering around the director.
the internal orienting potential, which couples the two modes A convenient measure of the orientational ordering of the

of motion. spin probe is provided by the order parametérs:

For the SRLS model, the spin Hamiltonian in eq 1 can be
written as So= Wy IQeu(®]0 9)

| | | | - _
EEDIDIDIDID RD R R = {0015 {2010 (10
HSGAIST2 e nf== | M= | mf=-1 mf=- . I .
- - i (s which may be related to the orienting potential, and hence to
(R0 Drim(Rec) Dy (Rem) D (RLue)Fue  (2) Co0 andc,y, Via the ensemble averages

Such a complex process of two coupled modes of motion may AR TQ . (D=
be described in terms of a composite diffusion operatd®af Zol QemV)]
and Qc:'2 JAQ T (Q) expCre o Q) + Col AQ) + T o(Q)))

Poris=TAQu) + TR + FA(—Qcw) + F(—Qcw) fdQ exXPC0 75 R) + Col JooQ) + L5 oQ)])
3 (11)

Here the first two terms represent the diffusive contribution from One may convert to Cartesian ordering tensor components

the internal motion and the global motion in an isotropic according 105, = S S« = (1/2)\/3_/2522 — (12)S; Sy =

medium, respectively. For a rodlike spin probe whose internal 1121/3/25, /2S00 N _
. . ) o W - : hote S + +S,=0.
dynamics may be approximated (in the absence of a potential) (Given the szpin $-|arr)1ﬁ2t(())nian in éq 1ala)r/1d thezdiffusion operator

as axially symmetric, the first term takes the following form in eq 3, the slow-motional ESR line shape can be calculated
from the stochastic Liouville equation (SLE), which yieléig®

Q) = R I+ (R — RY)J? @)
_ -1 TRt . -1
whereJ2is the vector operator which generates an infinitesimal W) = BT = 1) + iwl] el (12)
rotation of the probe and}” is its zcomponentJe? and J3* From the above discussiom(w) may be expressed as the

which appear in the next equations are the equivalent operatorsfollowing function:

for the cagé? In eq 4 two diffusion constants have been

introduced: R{ is related to the motion of the spin probe l(w) = 1(RLRIR’, Cp CopBuci®) (13)
around its symmetry axiZ(;), andR?, is related to the motion

perpendicular to this symmetry axis. A similar equation holds Therefore, the parameter space of the SRLS model used in this
for the global motion, but if a spherical shape is assumed for work consists of three motional parameteR$, R], and R,

the macromoleculeR’, = R} = R¢ and the second termineq 3 two ordering parametersgyo and c;, and one structural

becomes parameterfue. In the limit R® — 0 the SRLS model reduces
to the MOMD model with one fewer fitting parameter.
Q) = R (5) 2.2. Basis SetsTo calculate the slow-motional ESR spectrum
from eq 12, a proper basis set has to be used to represent the
whereRe is the diffusion contant for the global motion. effects of the spin Hamiltonian given by eq 1 and the coupled

The last two terms in eq 3 are the contributions from the diffusive motion given by eq 3. It should be a direct product of
internal orienting potential. They are related to the internal the sub-basis sets for the individual degrees of freedom. For

potential by the SRLS model, the basis set is a direct product of the subsets
1 for the electron spin, for the nuclear spin, for the internal motion,
FO= 2TR(3°U(Q . ) + (RC — 3°24(Q . ) — and for the global motion, which is described in ref 12.
2[R%( (Qea) + (Rl = R UQcw)] Whereas in principle, we need an infinite number of basis

1 50 450 40 2 vectors, in practice, the spectrum is accurately represented with
4[R%(J+ U(Qcw)(I2U) + RiJ;UQcw)] (6) a finite number of basis vecto?§:28 In the development of the
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analysis of slow-motional ESR, a very important method has large. The pruning procedure described in the previous subsec-
been designed to determine the minimum truncated’$étn tion is therefore very useful in reducing the matrix dimension
the process of pruning the basis set, we first determine the and speeding up the fitting. Since the pruned basis set is usually
maximum contribution of each basis vector to the ESR line much larger for a high-frequency spectral fit than for a low-
shape across the whole field range. If this maximum contribution frequency one, different pruned basis sets should be used for
is smaller than a cutoff value, then the corresponding basis fitting spectra at different frequencies.
vector can be removed from the basis set. This procedure yields Since the computation of high-frequency ESR spectra is time-
the minimum truncated set. It considerably reduces the dimen-consuming, it is appropriate to ask how a SRLS computation
sion of the basis set. This greatly speeds up the NLLS spectralcompares with that for the simpler MOMD model wherein the
fitting, where the spectrum has to be calculated many times. overall motion is frozen. It is necessary, of course, to also prune
2.3. Multifrequency Fitting Procedures.Now let us consider @ MOMD basis set to maximize its efficiency in fitting. After
the analysis of the dynamic properties of biomolecules, by the Pruning respective SRLS and MOMD basis sets, we find that
use of ESR spectra obtained at different frequencies (the the actual SRLS computation is at most only about a factor of
ordering and dynamic parameters do not depend on the magnetic slower for typical parameters in this study. This is undoubtedly
f|e|d) By proper choice of these frequencieS, we may expect because the MOMD calculation is slowed down by haV|ng to
to deconvolute the different modes of motion and determine "epeat the spectral calculation for many (ca. 40) overall
the relevant parameters with high accuracy as described above0rientations of the protein to produce the final spectrum, whereas

In an earlier approack, ESR spectra measured at 250 and 9 in SRLS the overall motion of the protein is automatically
GHz were fit separatel3; The 250 GHz ESR line shapes of accounted for, and the Lanczos algorithm utilized in the
nitroxide are sensitive to motions in the range o$-1002 s, computatiod”=® very efficiently seeks out the solution.

On the other hand, the 9 GHz ESR line shapes are sensitive to In a_simultaneous multifrquency fitting, the.software first
motions in the rang’e of $6-101°s7L, i.e., 2 orders of magnitude reads in the ESR data of the different frequencies. The pruned

slower. The global motion usually has a diffusion rate of around Zﬁst'ﬁ sets ?re tTen émp(érte_d for the cotrrespond_lné;) frquen?efs.
10’ s71, which is typically at least 1 order of magnitude slower th € mo ;_on? I%In grtiﬂng. pharame ers arel!n et[))en den ~
than the internal motion. So if we open an “ESR window” with € magnetic ields, but the inhomogeneous fin€ broadening

a 250 GHz time scale, the global motion will appear to be very COL."d l?e a functiqn of thg .field (e.gg—strain contributions),
slow. In other words, 250 GHz ESR is mainly sensitive to the which is allowed N the fitting. Finally all the_ parameters of
internal motion. On the basis of this consideration, it was bc_)th t_he mterna_l motion and the global motion are varied to
assumed that the global motion is in the rigid limit on the 250 minimize th? difference bet.ween the spectral fit and the
GHz ESR time scale, so the MOMD model was used to fit the experiment, i.e., the reduceg:

250 GHz spectra. The fitting generated the dynamic parameters 1 NirequencyNeata [ (data — simulation)

for the internal motion. On the other hand, since 9 GHz ESR is X2 — :
sensitive to both the internal and the global motion, the more Nital — Nparameter & £ o2 )
complex SRLS model was used to fit the 9 GHz spectra after ! (14)

fixing the internal dynamic parameters obtained from the 250
GHz MOMD fits. Only the global motion was varied to obtain  whereNy is the total number of data points of all frequencies,
the best fit to the 9 GHz spectra. The results then generated theNprameteris the total number of fitting parameters, aodare
dynamic parameters for the global motion. In this way, the two the estimated errors of the data poifits.

modes of motion were decomposed and their parameters were

determined. 3. Experimental Section

In the current approach of multifrequency data analysis, ESR  Two mutants of T4 lysozyme are studied here. One is 131R1,
spectra at different frequencies are fit simultaneously. There areand the other is 72R1 (cf. Figure 2). The sample concentrations
two reasons for simultaneous multifrequency fits. First, the are 2.4 and 1.4 mM, respectively.
global motion is found to have small but significant effects on  For the 9 GHz ESR, 6L of sample was placed in a 0.8 mm
the 250 GHz ESR spectra, especially at and above roomjq. quartz capillary. For the 250 GHz high-field ESRylL of
temperature, such that the parameters obtained for the internakample was placed in a flat quartz plate sample h6RIESR
motions show some significant differences when a SRLS model spectra were taken at 2, 10, 22, and 35 The experimental
(including overall motions) is used vs a MOMD model (frozen gpectra at 250 GHz were adjusted to correct for a small
overall motion). So it would be best to fit the ESR spectra at admixture of dispersion signal, according to the procedure
both frequencies with the SRLS model. Second, simultaneousdescribed by Earle et &t.
fitting improves the statistics, thereby improving the experi-  To obtain the hyperfineA) tensor andy tensor components,
mental precision of the parameters for the internal motions, the (near) rigid limit spectra at 9 and 250 GHz were produced
which make important contributions to both the 9 and 250 GHz in the fo”owing way. Sucrose was added to the T4 |ysozyme
spectra. Additionally, in any future studies utilizing a wider solution until it was 63 wt % sucrose, and the viscosity was
range of frequencies between 9 and 250 GHz (e.g., 95 and 170ahout 100 cP at room temperature. The 250 GHz spectra of
GHz available in our Iaboratory), both gIObaI and internal these Samp|es were taken at°m and the 9 GHz Spectra were
motions will be important at the intermediate frequencies, taken at liquid nitrogen temperature.
requiring the SRLS model. Nonlinear least-squares (NLLS) fits were performed for the

We have therefore developed new software for simultaneously 250 and 9 GHz spectra, using the general slow-motional
fitting the ESR spectra measured at different frequerfies. program?3in the manner described previousfAs previously
However, it should be noted that such fitting will in general be pointed out, the 250 GHz spectra are particularly sensitive to
time-consuming since the global motion is extremely slow on theg tensor fits, whereas the 9 GHz spectra provide the needed
the high-frequency ESR time scale. Thus, the basis set neededensitivity to theA tensort331In this near-rigid limit, the spectra
for a SRLS fit of the high-frequency spectra becomes extremely are not very sensitive to the motional model, so simple Brownian
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Figure 5. Nonlinear least-squares (NLLS) fits of the two-site SRLS Figure 6. Nonlinear least-squares (NLLS) fits of the two-site SRLS
model (dashed lines) to the experimental spectra (solid lines) at 250 model (dashed lines) to the experimental spectra (solid lines) at 9 GHz
GHz of T4 lysozyme in solution, spin-labeled at position 131. The best of T4 lysozyme in solution, spin-labeled at position 131. The best
parameters from multifrequency fits are presented in Table 3. parameters from multifrequency fits are presented in Table 3.

375 C

rotational diffusion was used for convenience. The values of
rotational diffusion tensor are in the range ok110°—3 x 10°

s1, consistent with the (near) rigid limit. Thggtensor results

in Table 1 show thagyx is slightly lower for 131R1 than for
72R1, whereas the reverse is true #a. These trends are
consistent with 131R1 experiencing a more polar environment

37.5
Y
than 72R13233 \
4. Results 22 C
The experimental 250 and 9 GHz ESR spectra of T4 a

lysozyme mutants 131R1 and 72R1 are displayed in Figures /
5—8. The results of simultaneously fitting the spectra at both \

10 C

)
2C

frequencies to the SRLS model are presented in Table 3 as well
as in Figure 9. The definitions of the various fitting parameters
in the table are given in section 2. In the simultaneous fitting,
all the dynamic and potential parameters used are the same for
the spectra at both frequencies. We did, however, allow for
differences in the (Gaussian) inhomogeneous broadening at the
two frequencies. We typically find somewhat larger broadening
for the 250 GHz spectra as expected, (e.g.,2c& vs 1 G for
250 GHz vs 9 GHz for 131R1 and ca. 1.4 6 ¥/ G for 72R1). 7
Columbus et at.in their 9 GHz study did find that there are
two components at lower temperatures, but not at room
temperature, for 131R1. Our study also indicated the presence TR TRy Sy ey yaye
of two components, so we allowed for the presence of two «10°
components in our simultaneous analysis of the spectra at the B (Gauss)
two frequencies. Indeed, we find that two components are Figure 7. Nonlinear least-squares (NLLS) fits of the two-site SRLS
present for 131R1 at lower temperatures, but not at the highestmOdel (dashed lines) to the experimental spectra (solid lines) at 250
temperature. (Note that the two-component fits led to signifi- C'Z Of T4 lysozyme in solution, spin-labeled at position 72. The best
- arameters from multifrequency fits are presented in Table 3.
cantly reduced chi-squared values at the lower temperatures.)p
The existence of the two components has been tentatively Initially, the fitting was performed with the admixture of the
ascribed to a weak interaction of the ring with the protein two components constrained to a common value for both 9 and
environmentt 250 GHz. However, we could not obtain good fits until we

Y
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model (dashed lines) to the experimental spectra (solid lines) at 9 GHz
of T4 lysozyme in solution, spin-labeled at position 72. The best t(°C)

ters f Itif fit ted in Table 3. . .
parameters from mulirequency Tits are presented in Table Figure 9. Temperature dependence R and Sy for the dominant

TABLE 1. Magnetic Tensor Parameters*? component.
mutant fitting.23 Thus, they cannot be preset (or seeded with any initial
site Oxx Oyy 02z Ax(G) Ay (G) A4(G) values) and must be allowed to float in the computation. We

131 2.00779 2.00578 2.00221 500 500 36.85 have found, inthe course of many fittings and simulations of
72 2.00803 2.00582 2.00218 6.42 595 35.83 two-component spectra at a single frequency, that the precise
values of the populations of the two components are quite
sensitive to the choice of the other fitting parameters. Thus,
the fact that differences do show in the results at the two

a2 The estimated relative error in tlgetensor components i&5 x
1075, b The estimated error i tensor components 0.2 G.

TABLE 2: Global Diffusion Rates of T4 Lysozyme* frequencies is likely an indication of small imperfections in the
R(107s™Y) R(107s™) overall fitting. They can arise from the abundance of parameters
t(°C) (usedin Table 3)  (from independent estimates) to fit in the presence of more than one component. In particular,
2 1.21 1.47 component 2 is present in low concentration, so its fitting
10 1.48 1.90 parameters are somewhat less accurate. In fact, in those fits
22 1.78 2.73 where we constrained the populatiddso a common value at
37.5 2.75 4.18 both frequencies, the parameters obtained for the more prevalent
2 Note that the correlation time, for overall tumbling is given by component 1 were within a few percent of those in Table 3,
e = (6R)™% whereas some of those for component 2 were substantially

allowed for different admixtures of the two components at the changed* Thus, we regard the fits to component 1 to be more
two frequencies. In general, for 131R1 the differences were reliable.
negligible to moderate, and at 376 the two-component fitting We wish to emphasize that the higher temperature results,
routine unequivocally returned the presence of only a single which unequivocally return a single component 1, are clearly
component at both frequencies. In the case of 72R1, the 9 GHzthe most reliable. Furthermore, they lead to good simultaneous
spectra show only a negligible second component consistentfits at both frequencies. Given this observation, as well as those
with previous worké but the 250 GHz results yield a more that (i) at the lower temperatures the results for the dominant
substantial second component at the lower temperatures.component 1 were hardly affected by which method was used
However, the fitting yields only a single component for both for fitting populations and (ii) we obtained consistent results as
frequencies at and above room temperature. (Note that Barnesa function of temperature for the various parameters (which is
et al. in their study of different T4 lysozyme mutadtasing useful in mitigating against ambiguity in fitting ESR speét®),
the simpler fitting procedure (outlined above), wherein the we regard the results on component 1 to be reliable and
spectrum at each frequency was fit separately, also obtainedappropriate for further analysis. Figure 9 compares the results
different admixtures of the two components.) on R’ and ¢z vs temperature for component 1 of 72R1 and
It should be noted that the populations of the two components 131R1.
are fit in a simple linear least squares manner, unlike the other As we have just noted, the spectra at both frequencies could
parameters in Table 3 which require nonlinear least-squaresbe simultaneously fit quite satisfactorily at the higher temper-
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TABLE 3: Simultaneous Multifrequency SRLS Best Fit Results for T4 Lysozymé

t(°C) comp RY(1CPs™Y) Rj(10sY) oo C22 RE(107s™Y) Py (%)  Paso (%) S0 S Wo (G)  Whaso(G)
131R1
2 1 3.35 2.24 1.71 -0.31 1.21 81 83 0.375 —0.056 1.13 1.99
2 0.259 3.72 2.03 —2.20 1.21 19 17 0.412 —0.146
10 1 3.36 2.84 1.69 —0.25 1.48 94 79 0.374 —0.049 0.99 2.03
2 0.262 4.47 1.96 —-1.42 1.48 6 21 0.338 —0.259
22 1 3.83 3.98 1.59 —-0.15 1.78 93 82 0.352 —0.032 0.72 2.01
2 0.347 5.72 1.78 —1.10 1.78 7 18 0.335 0.216
37.5 1 3.89 4.48 1.42 —-0.25 2.75 100.0 100.0 0.313 —0.058 0.56 1.04
72R1
2 1 2.26 2.00 293 —0.72 1.21 96 71 0.313 —0.058 0.56 1.04
2 5.87 0.701 2.71 —2.52 1.21 4 29 0.350 —0.350
10 1 2.63 251 2.80 —0.74 1.48 97 67 0.560 —0.082 0.91 1.38
2 6.10 1.96 2.46 —2.06 1.48 3 33 0.365 —0.308
22 1 3.41 3.26 2.24 —0.54 1.78 100.0 100.0 0.472 —0.082 0.84 1.43
375 1 3.87 4.89 2.16 —0.63 2.75 100.0 100.0 0.452 —0.100 0.51 0.37

2The errors are estimated to B£2% for bothR% and R} and +1% and=+12% for c,o and ¢, respectively; see text.

TABLE 4: Correlation Matrices of Fitting Parameters Ko Xy
Using SRLS Model 4
R% R? C20 C22
250 and 9 GHz
23 1.00 -0.28 0.11 0.49
R 1.00 0.16 0.22
Coo 1.00 0.87
C22 1.00
250 GHz Only
R 1.00 —0.60 0.90 -0.22
R 1.00 0.55 -0.27
C20 1.00 —-0.28
C22 1.00
9 GHz Only
1.00 0.60 0.82 —0.55
Ry 1.00 0.32 ~0.86 Figure 10. Schematic illustration of a decomposition of the coordinates
Al ' 1 '00 _0'27 for internal motion represented by tRetensor with frameXy, Yu, Zu
220 . 1.00 into the internal motion of the tether with fram¥s, Y, Zs and
22 .

fluctuations in the helix (with fram&g, Yg, Zg) to which it is attached.
atures wherein only a single component was present, but there o . .
was some difficulty in the fitting at the lower temperatures when thiS strong correlation is removed when the simultaneous fit is
two components are present. This suggests that there might b€rformed (case 1), as the results in Table 4 indicate. We find
a key feature or mechanism, not included in our analysis, that that in nearly all cases the correlation coefficients are signifi-
is present when there are two components but which is not cantly reduced for_case 1. This may be regarded as further
relevant for just a single component. One such possibility is SUPPOrt to the multifrequency ESR approach. o
that there is dynamic exchange occurring between the two Finally, the fitting errors of each para}meter are also Ilste.d.ln
conformers yielding the two spectral components. It could have Table 3. The error estimates were obtained by repeatedly.flttlng
different effects on the spectra at the two frequencies given their 1€ Spectra using different sets of seed values of the variables.
different time scales. For example, the exchange rate could peFrom the distribution in values obtained, the errors could be
slow on the 250 GHz scale, leading to just relatively small estimated for _each parameter. We regard this as a more rqbust
broadening of the already broad spectra, whereas at 9 GHz th@nethod of estimating error than the standard method described
nearly motionally narrowed spectra are likely to be more similar, 2Y B“d'gft al.7*which yielded error estimates that are generally
so that the exchange may possibly lead to some exchangeSmaller: _ _ _
narrowing. A careful analysis of effects of exchange on slow- N our analysis, we found that the use of fully anisotropic
motional ESR spectra at different frequencies awaits a proper!0cal diffusion tensors for the internal motid#$ 324 24nstead
theoretical analysis, which is currently under development. ~ Of axially symmetric tensors (i.eR, = R}, instead ofRR;, =

To study the correlations and errors in the fitting parameters, K, = RP), did not lead to significantly improved fits to the
the correlation matrices for these parameters are shown in Tableexperiments but, on the other hand, led to unnecessarily large
4 for site 72 at 22C. For comparison, the single-component correlations between these (and other) parameters, indicating
spectra were fit in several ways: (1) a simultaneous fit for 250 an excess number of parameters to be fit. As a result, we limited
and 9 GHz, (2) a separate fit for 250 GHz, and (3) a separatethe fitting to R, andR{ (= R},). This amounts to setting?, =
fit for 9 GHz. (In all these case&° was fixed at the optimum  (1/2)[R,; + R},) and letting &, — R}) = 0. As in the previous
value as discussed below). Two fitting parameters are usually multifrequency study on other T4L mutarifsye found that
considered to be strongly correlated with each other if the the primary orz axis of local diffusion (corresponding &)
correlation coefficient between them is larger than 0.9. For is best taken as parallel to tlexis of the nitroxide magnetic
instance, there is a strong correlation betwBgr@andcy in the tensors (corresponding g, and A, (cf. Figure 10).
250 GHz separate fit (case 2), as can be seen in Table 4. The From the dynamic and ordering parameters for the local
same is observed from the 9 GHz separate fit (case 3). Howeverdynamics vs temperature shown in Figure 9 for component 1,
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it is seen that their temperature variation is consistent with the sucrose, which reduced the importance of overall tumbling on
expected increase in motional rates and decrease in localthe 9 GHz spectra, and among other things they utilized a
ordering with temperature. Clearly, there are differences in the substantial “diffusion tilt” angle of 38)

local dynamic and ordering parameters for the two mutants, Columbus et al. point out that there are no tertiary interactions
which we discuss in detail below. However, one certainly at either site, so this should not differentiate them. Instead, they
expects that their respective overall tumbling rat€s,are the propose that the mobility difference reflects dynamic differences
same. The results shown in Table 3 were obtained by constrain-in the helical backbone itself arising from structural and
ing the R® to be the same for both 131R1 and 72R1. Initially environmental differences between their respective helices. They

we seeded the values Bf in the fitting based on the value of  summarize these differences as follows: “.. the 131 helix
R¢ previously measured for T4 lysozyme at 20, wherein a consists of only two and a half-turns, hardly long enough for
value of 2.6x 10" s~! was obtained® Estimated values for® end effects to decay at the central 131 site.. On the other hand,
were obtained at the other temperatures by scaling this site 72 is located in the center of a long 5-turn helix. The 72
experimental result using the viscosity of wateand Stokes helix has a stabilizing threonine N-cap, while the 131 helix has
Einstein hydrodynamic theory for which two positively charged residues in the N-capping box, which
are poor helix caps. Perhaps most importantly, the segment of
B = ks T the helix that contains site 72 is located near the tightly packed
- 87'“’377 (19) hydrophobic core of a helix bundle.” They suggest that these

features, as well as higher Deby#/aller factors and H

whereT is the temperature ands the hydrodynamic radius of ~ €Xchange rates at 131 as compared to 72, may indicate larger
T4 lysozyme. Whereas the use of this independently measureg@mplitude backbone ﬂuctuappns near 131 “due to an mtnnsuzally
(and scaled) set & values led to good fits for 131R1, it proved lower thermodynamllc stability of the secondary structlljre..
less satisfactory for fitting the spectra from 72R1. We found it  Our results, heavily dependent on th? greater sensitivity of
necessary to redud® somewhat in order to get good fits to 250 GHz ESR spectra to the local dynamic structure, lend further
both 72R1 and 131R1 with the sarfe These values oR® support to this hypothesis. Thus, while the overall restriction
appear in Table 3, and they are compared with the “independent”to amplitude of motion of the nitroxide is a composite of the
values in Table 2. They range from 82% of the latter value at festricted motion about its tether and the restrictions of the
2 °C to 66% at 37.5C. We regard this as quite reasonable Packbone fluctuations, it would appear from these considerations
possible differences in sample preparation. (In fact, other Petween the two mutants.
workers have obtained a range of valé®s. In other respects, however, our multifrequency SRLS analysis
To obtain further insights to compare with this approach, we Yields results that differ. Most significant is the large values of
performed separate least-squares fitting of 131R1 and of 72R1R, obtained for both 72R1 and 131R1 and shown in Figure 9,
wherein we leR¢ vary independently for each mutant. We found as compared to the values @ (cf. Table 3). We observe for
that for 131R1 the resultant values Rf are close to those in  the dominant component th% is about an order of magni-
Table 3, whereas those for 72R1 are about 70% of these Va'UeStude greater thaﬁq? for both mutants over the whole temper-
a matter that we discuss further below. Of greater significance, ature range studied. This is quite similar to the results of Barnes
we find that the fits, using this approach, to the dynamic and et al3 using both 250 and 9 GHz spectra on different mutants
ordering parameters for the local dynamics for the two mutants of T4L (i.e., sites 44R1 and 69R1). They noted that this is a
are generally very close to those shown in Table 3. Thus, the consequence of using the spectra at both frequencies in their
graphs in Figure 9 would only be slightly affected, and the analysis, whereas if a nonlinear least-squares fitting is performed
significant observations we discuss below are unaffected. on just the 9 GHz ESR spectra using a MOMD model that
One observes from Figures-8 that the agreement between  jgnores the contribution of the overall tumbling, one typically
theory and experiment is generally good for both sites at the finds parameters whereiR® is much greater thaR®, or the
different temperatures. reverse of what has been found using both frequencies.
Columbus et al. obtained values from the MOMD model
wherein the rotational diffusion tensor components are more
A primary objective of this study is to show how the nearly equal, from their samples with greater viscosity in
multifrequency ESR approach can successfully determine dif- sucrose/water solutions. At present, we do not yet understand
ferences between local dynamics of R1 at different sites. The the origin of the apparent rate differences, but it could be due,
comparison of 250 GHz spectra in Figure 3 clearly shows that in part, to higher resolution at 250 GHz.
there must be significant differences between 131R1 and 72R1. Barnes et al. suggested that the larB&may be due to the
The differences in their local motions are emphasized partly motion of the peptide backbone to which the spin probe is
because these spectra are only slightly affected by the slowattached. This is schematically illustrated in Figure 10, which
overall tumbling. The results of our analysis, summarized in shows an expected conformation of the spin-label side chain
Figure 9 for the dominant component, show that 72R1 displays attached to a helical sequerféelt shows the principal axis
significantly greater local ordering than does 131R1 (e.g., an system of the nitroxide magnetic tensors (labeXeg Ye, Zs),
S0 of 0.47 vs 0.35 at 22°C). In general, 72R1 exhibits as well as those for the internal rotational diffusion (and
somewhat slower local dynamics than 131R1 as reported by ordering) tensors (labeledy, Yv, Zv), are parallel according
R?, but this difference is negligible at the higher temperatures. to our spectral fitting, as we have discussed above. These axes
This observation is consistent with that of Columbus étalsed perhaps best represent the motional properties of the nitroxide
on their 9 GHz study using the MOMD model. In fact, they label itself, especially its internal rotation about the two bonds
also obtain respective values 8f; of 0.47 and 0.35, which is  of its tether most immediate to the pyrroline ring containing
remarkable agreement considering their substantially different the nitroxide. To consider the backbone motions of the helix,
analysis. (Note that their study used solutions containing 30% we suggest a principal axis system for the hekg, (Ys, Zg),

5. Analysis and Discussion
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such thatZg is along the principal axis of the helix atg is Nevertheless, at this stage of development of multifrequency
nearly parallel toZy. The cylindrical symmetry of the helix ~ ESR studies of protein dynamics, it is not yet possible to
suggests that its local fluctuations would be represented by anunambiguously distinguish between contributions of slower
axially symmetric diffusion tensdDib, i = Xg, Yg, Zg With DQB internal modes of motion (e.g., slow backbone modes) from
= D?, = D% and Dg = Dl’l’_ The internal motion of the  the slow overall tumbling or to distinguish faster backbone
pyrroIEfne ring about ifs tether may similarly be described by modes from the restricted internal motions of the nitroxide about
local diffusion tensoDf, i = Xg, Yo, Ze. Let us assume for its tether, although there are suggestions of such effects in our

convenience that each compomeRt,(i = xx, yy, z3, of the results. It should be possible to im_prove on the current s_tu_dy
internal rotation tensor, which is extracted from the experimental @nd methodology to address such issues along several distinct,
analysis, can be approximated as a simple sum over the twoPut complementary, avenues of app.roach. First of all, spectra
types of internal motion about their respective axes. This yields {@ken at three or more ESR frequencies would enhance the data
R =~ DY + D% and R = (1/2)D% + DY + D% + Dﬁ)- Given set from which to extract the dynamics of the different modes

that rotations about the fourth bond in the tether have a greaterm'l'z'ng the new software. Second, Columbus et &ave

amplitude than rotations about the fifth bond, due to steric mtroduqed newer spin-.labels which suppress the internal motions
constraints;”13Barnes et al3 considered tether motion about of th? nitroxide ".ibOUt its tether, _and these would be valuable to
Zs to be fastest, yieldin@? = DY > DY = DY ~ D, Given use in the multifrequency _studles._ It could also be useful to

our observation thak®, > R, it would follow that Dﬁ is a suppress the overall tumbling motion by such methods as an

. . increase in solvent viscositylt is our intention to implement
dominant contributor t&R and alsoDf > DP. On the other b1 P

. in-labels with diff . such improvements in further studies.
hand, Columbus et al., using spin- abels with different SUE’.SM' In addition, improved models may be needed to interpret the
uents, present evidence that rotation about the last bond “is the

. : . ; . more extensive data. It would be desirable to more accurately
major contributor to SpeCtr‘?l averaging and this appro_m_mately model the internal motions of the protein, the nitroxide internal
corresponds to tether motion aboXg. This latter possibility

) motions, and the overall tumbling. A useful tool to gain insight

would also yield arR?, > R]. into these is by molecular dynamics (MD) simulations. It can

Clearly further studies are required to clarify this issue. provide trajectories of the probe and protein motions and their
Columbus et al. showed the use of 4-substituted derivatives of jnteractions with the solvent over the time scale of picoseconds
the pyrroline ring suppresses the internal motions of that ring to nanoseconds. In fact, very recently Stéidaas performed
about the tether, so it would be helpful to perform multi- MD to simulate the ESR spectra of spin-labeled T4 lysozyme.
frequency studies using these modified spin-labels to comparewhile at present these simulations were not very successful at
with the results in this work. reproducing typical 250 GHz ESR spectra, one might expect

Finally, we would like to mention the possibility that in our  future developments will be more successful. One challenge is
least-squares fitting to SRLS the preference for a sm&ller  to provide long enough trajectoriés?* Stoica attempted to
for 72R1 than for 131R1 might be the manifestation of slow address this by combining 10 MD trajectories of-5&ns each,
backbone modes occurring over the same slow time scale asbut unfortunately this was not sufficient to yield correlation
the overall tumbling, and therefore affecting the “apparent” functions that reach equilibrium for the internal motions (the
overall tumbling rate. This would imply that the greater value overall motion had been factored out). Another challenge would
of Rc for 131R1 results from its greater helix flexibility as arise in the need to extensively repeat such MD trajectories if
discussed above. Further studies, possibly over a range of severaine were to attempt to fit the ESR spectra in a least-squares
ESR frequencies, might help to differentiate the various dynamic fashion, as is currently done using the SLE and as we have
processes beyond what can be achieved using two frequencieglone in the present study. (In MD, one would need to vary force-
and the two-dynamic-mode SRLS model, as we have done infield parameters.) Since the computation of each trajectory is

this study. extremely time-consuming, this is unrealistic. However, it is
our belief that MD simulations can provide useful insight into
6. Summary and Future Prospects determining what are the dominant internal modes of motion

that contribute to the reorientational relaxation of the spin-label.
This work illustrates how multifrequency ESR is a useful Then, utilizing well-developed method%,one can hope to
tool for studying dynamics of proteins. A challenging task in  construct even more appropriate stochastic models than the
such studies is to deconvolute the various modes of motion. SRLS model (utilized in this work), which incorporate these
ESR spectra obtained at different frequencies enable one to opejominant modes. These models could then be more efficiently

different time scale windows, so that processes with different ytilized in fitting their relevant motional and ordering parameters
correlation times can be selectively probed. In this work the to the ESR spectra.

analysis of 250 and 9 GHz ESR spectra using the SRLS model
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