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Protein dynamics is intimately related to biological function. Core dynamics is usually studie@Hnshin
relaxation of thé*CDH, group, analyzed traditionally with the model-free (MF) approach. We showed recently
that MF is oversimplified in several respects. This includes the assumption that the local motion of the dynamic
probe and the global motion of the protein are decoupled, the local geometry is simple, and the local ordering
is axially symmetric. Because of these simplifications MF has yielded a puzzling picture where the methyl
rotation axis is moving rapidly with amplitudes ranging from nearly complete disorder to nearly complete
order in tightly packed protein cores. Our conclusions emerged from applying to methyl dynamics in proteins
the slowly relaxing local structure (SRLS) approach of Polimeno and Freed (Polimeno, A.; Freed. J. H.
Phys. Chem1995 99, 10995-11006.), which can be considered the generalization of MF, with all the
simplifications mentioned above removed. The SRLS picture derived here for the B1 immunoglobulin binding
domain of peptostreptococcal protein L, studied over the temperature range-45 1€, is fundamentally
different from the MF picture. Thus, methyl dynamics is characterized structurally by rhombic local potentials
with varying symmetries and dynamically by tenfold slower rates of local motion. On average, potential
rhombicity decreases, mode-coupling increases, and the rate of local motion increases with increasing
temperature. The average activation energy for local motion i@ kcal/mol. Mode-coupling affects the
analysis even at 135C. The accuracy of the results is improved by including in the experimental data set
relaxation rates associated with rank 2 coherences.

I. Introduction the C—CH axis1° Moreover, the methyl rotation axis-CHz
) . . (to be denoted M with M representing the local ordering/local
NMR spin relaxation is a powerful method for studying iffusion frame) is tilted aByq = 110.5°from the magnetic

protein dynam'icéf9 The traditional probe for investigating quadrupolar frame, Q, which lies along the-D bond (110.5°
backbone motion is th&’N—'H bond and the common probe g the tetrahedral angle takimgy = rcp = 1.115 A)22 Yet, as

for studying side chain motion is the uniformi§C-labeled and pointed out above, the original MF formuatypically used in

fractionally deuterated methyl grou&ﬁCHzD-5’.6'1(%.12 In thi.s . methyl dynamics analyses, features only one mode of local
study we focus on the latter. Methyl dynamics in PrOteins IS motion and has no provision for a “diffusion tilt”. These features
analyzed typically with the model-free (MF) approdéht® that entail further approximations (see below).

assumes that the global and local motions of the probe are

decoupled due to the former being much slower than the latter. g 4 16-23 Thjg has been accomplished by applying to NMR spin
This is an approximation, and so are the high symmetries oo ation in proteind® the slowly relaxing local structure

assigned implicitly to the diffusion, ordering and magnetic (SRLS) approach of Freed and co-work&s26 SRLS can be
tensors involved, and the coincidence of their frames, which considered the generalization of MF, yielding the latter in

simplifies the local geometry. By virtue of these simplifications, asymptotic limitst6202L.24Unlike MF, the SRLS model takes

an analytical formula is obtained for the measurable spectral into account rigorously the dynam,ical coupling between the
density;? specific values of which enter the expressions for the global motion of the protein and the local motion of the dynamic
experimental relaxation rates. The original MF spectral delisity probe, brought into effect by a rhombic coupling potential. It
is determined by an effective correlation time for local motion, featurés explicitly local motional modes parallel and perpen-
7e, @ squared generalized order paramef&rrepresenting the dicular to the local diffusion axi§~2325.26and accounts rigor-

spatial restrictions at the site of the motion of the probe, and ously for the tilt between a rhombic local ordering frame, M,

the glopal motion correlation timeg,. The latter is usually and the magnetic frame, Q. The Euler angsy, which relate
determined mdependgntly. ) ) the M frame to a local director frame, (8.g., the equilibrium

~ For methyl dynamics, MF considers two local motions ¢ —CH; orientation), are associated with the coupling/ordering
including rotationaboutthe C—CH axis and fluctuation®f potential. In general “dynamical coupling” means that through
the time dependence @2y, the locally reorienting dynamic
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The MF simplifications have far-fetched implications. For to 2H T; and T,.1° For protein L, the Kay group acquired all
a M frame tilted relative to the Q frame, the spectral density, five 2H relaxation rates at 5, 15, 25, 35, and*45at a magnetic
Jw) (QQ denotes quadrupolar auto-correlated relaxation), field of 11.7 T. At 25 (5)°C additional data were acquired at
comprises three generic spectral density functi(gs), with magnetic fields of 9.4, 14.1, and 18.8 (14.1) T. This is among
K =0, 1, 2, by analogy witll(w) for axial global diffusion of the most extensive and robust data sets of autocorrefated
a rigid protein comprising three Lorentzian functions with relaxation rates currently available. In the present study we used
K =0, 1, 2. Yet, the MF spectral density consists of a single these data, kindly provided by Prof. L. E. Kay, to explore
function which represents th& = 0 contribution. Various temperature, magnetic field, and rank 2 coherence dependence
parametrizations of its form have been attempted to overcomeand treat several important aspects of methyl dynamics. The
the flaw of omission of th& = 1 andK = 2 contributions. If issue of relatively large uncertainties in the best-fit parameters,
the local ordering frame, M, is rhombic, as we found it tobe,  implied by the relatively narrow portion dR%(w) sampled by
cross-term functiong (w) will also enter the expression for  the experimental data, is addressed. Note that unlike the case
JQ(w). This renders the parametrized MF spectral density to of proton-bound heteronuclei, wherégd contributes high-
be very different from the actual spectral density. However, in frequencyJ(w) values through the NOE, f8H relaxation only
many cases the experimental data can be reproduced by forcethe w = 0, wp, and 2a values, withwp denoting the’H
fitting, with the statistical criteria fulfilled, but the best-fit resonance frequency, are sampled at any given magnetic field.

parameters @andte) highly inaccuraté3 In this context, the benefit of using up to four-field data sets,
The form of J°w) is parametrized in MF as follows. To  including rank 2 coherences, is explored herein. .
accommodate two local motional mod&sjs factored into the We find that the protein L methyl sites exhibit rhombic
product [R(cos 110.5°] x S, .2 = 0.1S,2 The term P(cos potentials of different forms in the SRLS scenario instead of
110.5°F = 0.1 represents the squared order parameter for amplitudes of &CHs motion of different extents in the MF
methyl rotationabout C—CH; (ref 27a), andS_ 2 the axial scenario. The local motional modes are 10-fold slower in the
squared order parameter for motiofithe C—éxll-j; axis10.27b SRLS scenario. Mode-coupling is important even at@50n

As outlined below in detail, factoring? as shown, with the ~ average, potential rhombicity decreases, mode-coupling in-
meaning of the constituents as indicated, is only valid when  creases, and the rate of local motion increases with increasing
is in the extreme motional narrowing linf27¢dYet, in practice temperature. The average activation energy for local motion is

finite values of 7. are required in MF analyses to fit the _2.0i_0.2_kca|/mo|. The accuracy of the resu_lts is improved_by
experimental data. including in the experimental data set relaxation rates associated

with rank 2 coherences.

The theoretical background appears in section Il. The various
topics mentioned above are treated under Results and Discussion
in section Ill. Our conclusions appear in section V.

Practical implications of the MF simplifications have been
investigated recent®y using the B1 immunoglobulin binding
domain of peptostreptococcal protein L (to be called “protein
L” from this point)!2 and ubiquiti® as test cases. The respective
data were subjected to SRLS analy@isgnd the emerging
dynamic pictures were compared with the corresponding previ-
ously obtained MF picture’s:28 The Theoretical Background relevant for this paper appears

We found that rhombic local potential/local ordering is in ref 23. For convenience a brief summary is prgsgnted below.
required to analyze methyl dynamics consistently and insight- 1. The Model-Free (MF) Approach. The original MF
fully.23 MF analyses yield unduly large distributions in the value SPectral densityJ(w), based ome < 7 (i.€., an effective local

II. Theoretical Background

of S, 2 ranging from nearly complete disorde,(2 ~ 0.1) to moglon, Te, much faster than the global motioty), is given
nearly comple;a(-:tzsogclierngis2 ~ 1), often e>2<hibiting three DY

distinct maxim&.2®~31The (pervasive) lovs .2 values imply _ 2 2 _ ' 12 2
large-amplitude excursions of the-CHjs axis in tightly packed Jw) = §rm/(1 Frge) + (1 82) e/l + 707 (1)
protein core$.Interpretation in terms of limited excursions using  where 1/g = 1/t + 1/te ~ 1/te.

the 1D and 3D Gaussian axial fluctuations (GAF) mo#tefs' This equation has been adapted to methyl dynamics where
is incompatible with axial symmetry around the-CHjs axis, two restricted local motionaboutandof the methyl averaging

inherent in the definition oSaxis2 (ref 27b). Contrary to the axis are considerd@i27aby settings? equal to P2(cos 110.58)]2
problematic MF picture, SRLS interprets the variations in the x S, = 0.1 x S 2 The term 0.1 represents the squared
experimental data as variations in the symmetry, and to someorder parameter associated with the motion around th€ids
extent the magnitude, of the local ordering potential (or local axis, andS, 2 the axial squared order parameter associated
ordering tensor}® The three categories @, 2 values cor-  with motion of the G-CH; axis. The effective correlation time
respond to different forms (symmetries) of the rhombic local for local motion,ze, has been associated withthlocal motional
potential?® This is physically tenable, provides new and modes. This yields the spectral densiy7°

interesting site-specific structural information, and agrees with

NMR J-coupling and reduced dipolar couplifigémolecular-  J°%(@) =S, 20.15/(1 + 0’ 7)) +

dynamics (MD¥7-38 and molecular mechanisstudies. All of _ 2 ) 2

these investigations have shown that local structural asymmetry (1= S, 0D /(1 + 077" (2)

prevails at methyl sites in proteins, contrary to the agigl? 2. The Slowly Relaxing Local Structure (SRLS) Model.

based MF picture. The fundamentals of the stochastic coupled rotator slowly
The present paper is an extension of our previous Study relaxing local structure (SRLS) thedf?> as applied to bio-

which was based ofH T; and T, data acquired for proteinlg molecular dynami@ have been developed recently for NMR

and ubiquiti?® at ambient temperature and magnetic fields of spin relaxation in protein®-23 Two rotators, representing the
11.7 and 14.1 T. Kay and co-workers developed pulse sequenceglobal motion of the proteink¢, and the local motion of the
for measuring relaxation rates associated with double-quantum,probe (C—D bond in this case®-, are treated. The motions of
two-spin-order and antiphase rank 2 cohereAtas,addition the protein and the probe are coupled by a local potential,
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a L b Time correlation functions are calculated as
® . .
5 %;g;;;,;;;z R ® Gk () = My (Ru)l eXp(=THID}, . (R)Peq (6)
: E e "\
: L c ! ¢ Their Fourier-Laplace transforms yield the spectral densities
Qi lgcc BC’M j\lzll,KK' (a))
L | e | In the case of zero potentiaf; = ¢ = 0, the solution of the
Q : ¢ diffusion operator associated to the time evolution operator
Qk)_‘/gl features three distinct eigenvalues for the probe motion:
{0,BuaTma) o
M Q, 1 =6R,+ K* (R, —R) fork=0,1,2 (7)

Figure 1. (a) Various reference frames which define the SRLS .
model: L, laboratory frame; C, global diffusion frame associated with Where R; = 1/(67) and Ry = 1/(67) = 1/(6w). Only the
protein shape; C', local director frame fixed in the protein; M, local diagonal termsjx(w) (the functiongkk: denote the real part of

Orderingllocal diffusion frame fixed in the-€D bond; Q, qUadrUpOIar j2 see ref 25)’ are nonzero, and they can be Calculated

tensor frame along the-€D bond. (b) Application to methyl dynamics. aMrigwtically as Lorentzian spectral densities, each defined by
The simple case of motion about the rotation axis of the methyl group '

is illustrated. The equilibrium orientation of the @B+C bond (CG— V\gdth 1/TZK' When t_he orderllng potential is aX|§1IIy symmetric,
C* for alanine, @—C* and G—C2 for valine, etc.) is taken as the  Cy = 0, C; = 0, again only diagonal terms persist, but they are
local director, C'. The local ordering frame, M, is assumed in this given by infinite sums of Lorentzian spectral densities which

illustration for simplicity to be axially symmetric. Morients prefer- are defined in terms of eigenvalues; bf the diffusion operator,
entially parallel to C It also represents the methyl rotation axis, and gnqg weighing factorsg, such that

it is tilted relative to Q, i.e., the C—D bond, gfug = 110.5°(when
fch = fcp is set equal to 1.115 A, ref 23). The anglew is the C (T
stochastic angle between the instantaneous orientation of the M frame, j(w) = z "' (8)
Mgz, and its equilibrium orientation, C'. K = 1+ w2
I

U(Qcwm), where Cdenotes the local director fixed in the protein,
and M the local ordering/local diffusion frame fixed in the probe.
The Euler angle2cy are modulated by the local motion
whereas the Euler angleQ ¢, with L denoting the fixed
laboratory frame, are modulated by the overall tumbling of the :
protein2! If the protein is considered axially symmetric, then a conyergence of the solution. ) o )

global diffusion frame C tilted relative to the’ @ame will be F;nally, when the local ordering potential is rhombeg, =
defined. The site-specific angle8sc, are fixed in the protein. 0. ¢ = 0, both diagonajk(w) and nondiagongkx (w) terms
The various frames entering the SRLS/model and the magneticare different from zero and need to be evaluated explicitly

The eigenvalues t/represent modes of motion of the system,
in accordance with the parameter range considered. Note that
although in principle the number of terms in eq 8 is infinite, in
practice a finite number of terms is sufficient for numerical

quadrupolar frame are shown in Figure 1. according to expressions analogous to eq 8.
Formally the diffusion equation for the coupled system is  The spectral densitiggx(w) are defined in the M frame. If
given by the M frame and the magnetic frame are tilted, a Wigner rotation

will be required to obtain the measurable autocorrelated spectral

density,J?Qw), from thejk(w) andjki(w) spectral densitie®

Because of the additional symmejgyk k' = jm. -k —k, only the

diagonal termsjk(w), with K = 0, 1, 2 and the nondiagonal

whereXis a set of coordinates completely describing the system. terms,jki(w), with KK’ = (—2,2), (—1,1), (—1,2), (0,1), (0,2),
and (1,2), need to be considered.

X=(QcwQc) For an axial magnetic frame, Q, one has the explicit

expression:

9 _ s
aP(X,t) = —TP(X,t) 3

' = AQenR P Qen)Peq -+ Qe - 0 Y s
j(QLc')]RCPer(QC'M) - j(QLc')]Peq_l (4) I (w) = dyg (ﬁMQ) Joolw) + 2d4 (IBMQ) J12(w) +
2050 (Buo)2o®) + 4 (Buo)dao Bugios@) +

whereJ(Qcw) andJ(Q.c) are the angular momentum operators 2 2 :
for the probe and the protein, respectively. 20,6 (Buq)tho (ﬁ'\z"Q)J‘“(wz + _
The Boltzmann distributionPeq = exp[—u(Qcm)l/exp 2d_55 (Bug)dag (Buo)i—22(@) (9)
[—u(Qcwm)]is defined with respect to the (scaled) pretmage ] ) ] )
interaction potential given by with only the diagonal termgg(w), with K =0, 1, 2, and the

nondiagonal termggx(w), with KK' =(0,2), (-1,1), and -2,2)
U(Qcw) - o o contributing.
u(Qey) = T = —CDo o(L2cm) — Do ARLem) + A convenient measure of the orientational ordering of the
) C—D bond is provided by the order parameteﬁ, =
Do, -ARcwm] (5) M2,(Qcv)band § = M2Y(Qcw) + DZ_(Qewm)D) which are
related to the orienting potential (eq 5), herméandc%, via the

This represents the expansion in the full basis set of Wigner ¢ semple averages:

rotation matrix eIementsDkM(QCrM), with only lowest order,

i.e., L =2, terms being preservéd#?32526The coefficientc) fdQC,MDSn(QC,M) exp[—u(Qep)]
(given in units ofkgT) is a measure of the orientational ordering DDSH(QC,M)Dz
of the C-D bond with respect to the local director, @hereas fdQC,M exp[—u(Cem)]

cﬁ measures the asymmetry of the ordering around the director. (20)
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One may convert to Cartesian ordering tensor componentsThis is only valid in the extreme motional narrowing lifdit
according t0S,, = &, Su = (V1.5$ — 9)/2,Sy= —(vV1.58  whereR; = R andR; — = (eq 7, ref 26; see also eq 31 of ref
+ S)/2. Note thatS« + Sy + S, = 0. 27c and pertinent discussion). The condition tRjt— oo

For 2H relaxation, the measurable quantities dR®(0), (equivalent tore — O in MF) renders the functiong(w) and
Jwp), and J22wp). Together with the squared magnetic j2(w) so small that th& = 1 andK = 2 terms can be ignored.
quadrupole interaction, they determine the experimentally Whenze— 0, the second term of eq 2 can be ignored to obtain

measured relaxation rates according to standard expressions fof* (@) = (1.5 co$ (110.5°) — 0.5fjo(w) = 0.1jp(w), where
NMR spin relaxatiorf142 Jo(w) = S, Zt/(1 + w?t?). It can be seen that in this limit
the effect of the local motional modes consists of reducing the
qguadrupole interaction (featured by the relaxation rate expres-
sions) consecutively by 0.1 arg],.2.

In practice combineé@H T; and T autocorrelated relaxation
ratescannot be fittrom a statistical point of view withre set
equal to zero in eq 2 because the extreme motional narrowing

limit has not been attained. Technically the desm often be

In the present study we allowed for at most four fitting
parameters including the potential coefficiemf,sand c% Re
defined in units ofR- (hence representing the time scale
separation between the global and local motions) and the
“diffusion tilt" Sumo. We usedR® = Ygrm With 7 as determined
in refs 12 and 43 based 8PN T1/T, ratios#* When g is set

equal to zero, then the SRLS spectral densityfdamally fit with 7o = 0. However, in this case the quantiti8g, 2 andze

analogous with the original MF speciral density (eq 1). have only vague physical meaning and, as shown below, they

The functiongk(w) (eq 8) andkk(w) (equations analogous  provide a distorted picture of the actual situation if taken
to eq 8) are calculated during data fitting on the fly. In the gerigysly.

methyl dynamics application, the local potential (the equivalent

of £ in MF) is low, with || and|c5| on the order of 1—2 (in  ||I. Results and Discussion
units ofksT). The time scale separatidr;, is also not too large. o . . . .
The computational effort was found to be very reasonable in . In pr|nC|pIe.o.ne should first consider axial .Iocal potermals
this case. Thus, it took about 40 min on a 3.2 GHz Pentium 4 " the SRLS fltt!ng process. WF." sh.owed prevlloﬁé'lylaj[ this .
processor to fit the relaxation data of a given methyl group of Iead_s. to a physically problemaﬂc_plcture and implies inconsis-
protein L. Our SRLS-based fitting program is similar to the tencies betweefH autocorrelation it*CDH, (ref 12) and HC-

ME fitting programs. The only extra requirement on the part of HH cross-correlation if*CH; (ref 43). The problems mentioned

the user is to determine a truncation parameter, which determine ";VG fbeer_l rt‘ifowte% by allﬁwm? forr] rhg_mblct pot'_[elnﬁféls.
the size of the matrix representation required for convergencetheegti;r’tre In this study we aflow for rhombic potentials from
of the solution (given by eq 8 or similar equations). Several ) .

trial and error calculations carried out for typical parameter sets The Eorm of JQQ(“’.) for Methyl D)_/r_1am|cs. The SRLS
suffice. Our current software is available upon request. The Model yields the generic spectral densitjgg(w). The measur-

“theoretical background” sections of this paper and of referencesable spectral d_ensitleQ(w),_ is given by linear combinations
21 and 23 comprise the information required for ab initio of the relevanjkx(w) functions. The symmetry of the local
programming ordering (M frame) determines whidkK' quantum numbers

. ) are nonzero, and, together with the other physical parameters,
3. MF as SRLS Asymptote.Equation 1, from which eq 2 9 pny P

. o the jkk(w) functions. The orientation of the M frame with
has beenl derived, rgprgsents the SRLS solut|on. in the-Born respect to the magnetic quadrupolar frame determines the
Oppenheimer (BO) limit wherey, > 7..4>462Equation 1 was

obtained in early work as a perturbational expansion of SRLS E%?ﬁ;:ﬁgt;t;?ctﬁ fl:gﬁier ;?]2;5:;Ei:tlcirllg_lgldhng?g;)féiﬂu?e)'s

in the limit of 7, > 7 for axial local ordering, isotropic global large contributions fromjo(®), j2A) andjzl)(w) and smaller
(R°) and local (R) diffusion, and collinear magnetic and . ibutions fromiza(w), jzfz(’w), an(’djlfl(w) (eq 9).J(0),
ordering tensor$® In this limit, & represents (f;j? (egs 5 and Jawp), and J29(2wp) enter the expressions for tAEl spin

10 with ¢; = 0) and e is given by 7o of eq 7. When the  relaxation rates.

coupling potential is very high then the phenomenon called  The appropriate representation of methyl dynamics by
renormalizatioff°becomes important. The renormalized cor-  jaQ() makes possible the determination of physical parameters
relation time, ren, is given approximately by @/c5 where c) (in general,Rt, RS, fuo, ¢ and ¢ despite the fact that
represents the potential coefficiéftWe found that in this limit, relatively few values ofJ?9w) are available at any given
7e agrees withren and S agrees with (§? (references 20 and  magnetic field. As pointed out above, unlike heteronucies-

21). Outside of the BO limit, eq 1 is not valid for diffusive 14 and13C—IH spin relaxation2H spin relaxation does not
motion (or wobble-in-a-cone, if the latter is associated with a feature high-frequency values &fw), with w on the order of
cosine squared potential) and will consequently lead to force- oy, Choy and Ka§” have shown that even with twergynthetic

fitting. data points3H Ty, T and three relaxation rates associated with
As already noted, eq 2 features two local dynamic modes rank 2 coherences generated at 9.4, 11.7, 14.1, and 18.8 T) the

associated with the axial order parametePs(dos Buq)]? = results of fitting these data with a model-free spectral density

[Po(cos 110.5°] = 0.1 andS, 2, for motion around and of were unacceptable. Only further parametrization of this function

the C—CH axis, respectively, and a common correlation time, Yielded statistically acceptable results by force fitting.

Te. A major inconsistency in eq 2 is having the local ordering/ ~ We illustrate below typical SRLS spectral densities used in
local diffusion axis, M, tilted at 110.5tom the magnetic axis, = methyl dynamics analysis (Figures-2). Figure 2 shows the

Q, but ignoring theK = 1 andK = 2 contributions (eq 8).  jkk(w) functions calculated using a typical parameter set
Independent of the model assumed (e.g., see reference 27a wher@btained by analyzing the data acquired for methyl T23 of
the Woessner model is being developed), these terms enteprotein L at magnetic fields of 9.4, 11.7, 14.1, and 18.8 T,
the calculation of the exad®¥(w) function as 3 sif(110.5°) 25 °C) featuringc = 1.82,c5= —0.67 andR® = 0.017. Note
€0<(110.5°)j(w) = 0.323j1(w) and 0.75 sif(110.5°)p(w) = thatRe is given in units ofR-. Hence 0.017 represents the ratio
0.5772(w). Yet, J°w) of eq 2 comprises only thi€ = 0 term. between the global and local motional rates. Since the global
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Figure 2. jkk(w) functions withKK' = (0,0), black; (1,1), red; (2,2), green; (2,0), blue;<2), yellow; and (1;-1), brown calculated with eq 8
and an analogous equation appropriate for cross-terms, uéingl.SZ,cg = —0.67, andR® = 0.017, which are the best-fit SRLS parameters
obtained for methyl T23 at 25C. The inset shows a compressedange extending from 0 to 4000 MHjx«(w) is given in units of 1R~ andw

is given in units ofR-.

0.5

0.2

0.1

TTTTTTTTTTT

0
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Figure 3. jkk(w) functions withKK' = (0,0), black; (1,1), red; (2,2), green; (2,0), blue;<2), yellow; and (1;-1), brown calculated with eq 8

and an analogous equation appropriate for cross-terms, (éhqgl.S, c§ = —0.5, andR® = 0.05.jkk(w) is given in units of 1R andw is given
in units of R~

motional rate is known independently, the paramBteactually MF spectral density is a parametrized version of the actual meas-
determines the local motional rate. The inset shows a com- urable spectral density. We found that SRLS and MF spectral
pressedw-range extending from 0 to 4000 MHz, and the densities, which are formally equivalent, yield best-fit parameters
extremew-values of 61.4 and 245.6 MHz. Clearly the portion with significantly smaller uncertainties in the SRLS scenario.
of the jkk'(w) functions sampled consist of a restricted region Fitting Strategy and Error Estimation. Exhaustive grid
outside of which these functions are not defined experimentally. searches are impractical with SRLS. To ascertain that the global
Note that the magnetic field range scanned in Figure 2 is almostminimum of the least-squares sum (LSS) “target” function has
as large as feasible with currently available technology. Figure been reached in a given fitting process, we tested various

3 shows thejkx(w) functions calculated focﬁ = 1.5, c§= strategies. It was found effective to carry out a coarse grid
—0.5, andR* = 0.05, and Figure 4 shows tle-(w) functions search, Whereg, cg, R, andfugq were allowed to vary, with
of Figure 3 assembled int#*Yw) for fwg = 69.5° (the com- the starting value gfug in the vicinity of the tetrahedral angle,

plement of 110.5 the time correlation functions (eq 6) are the followed by a finer grid search. This strategy was superior to
same forBmg and (180°— Bmg)). While SRLS fitting needs to  one wherefug was fixed at the tetrahedral angle value. In
account for the variougk:(w) functions (e.g., Figures 2 and 3)  general the minimization converged for numerical reasons to
and their coefficients, model-free only needs to reproduce spec-(180° — fmg) (which, as indicated above, yields the same time
ific values of theJ?®(w) function (e.g., Figure 4) because the correlation functions agiug). To facilitate comparison of
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Figure 4. J°w) function assembled from the«(w) functions shown
in Figure 3, usingdwg = 69.5°.J(w) is given in units of 1R~ andw
is given in units ofR-.

TABLE 1: Best-Fit Parameters, Listed under “Output”,
Obtained with Combined Fitting of 16 Relaxation Rates (8
Relaxation Rates Including?H T, and T, Acquired at 9.4,
11.7, 14.1, and 18.8 T and 6 Relaxation Rates Associated
with the Three Rank 2 Coherences Acquired at 11.7 and
14.1 T) Measured at 25°C for Methyl A50, Using the Input
Parameters Shown under “Input” (Rows 1—6), Using Only
°H T; and T, Data (Rows 712), ther,, Value Used Was
4.05 ns!? y%.4 Values Are Also Shown, the Local Motional
Rate Is Given by R® x 7,

input output

Q2 R c R Ared
1 0.5 0.0035 0.88 0.0038 7
2 0.89 0.0035 0.88 0.0037 7
3 12 0.0035 0.88 0.0038 7
4 0.5 0.008 0.88 0.0038 7
5 0.89 0.008 0.89 0.0037 7
6 1.2 0.008 0.88 0.0038 7
7 0.5 0.0035 0.84 0.0038 0.1
8 0.89 0.0035 0.84 0.0039 0.2
9 12 0.0035 0.84 0.0038 0.1
10 0.5 0.008 0.85 0.0038 0.1
11 0.89 0.008 0.85 0.0038 0.1
12 1.2 0.008 0.85 0.0038 0.1

potential coefficients among methyl groups, we fixég, at
69.5° in the final calculation for each methyl group. An
alternative (more tedious) strategy, which yielded very similar
but not identical results, consisted of allowifigg to vary freely
and accepting only those sets of temperature-dependent fit
where fug was within half a degree of 6F5Clearly it is
necessary to devise an effective automated fitting protocol base
onboth statistical and physical criterid his effort is underway.

Both procedures outlined above comprise error estimation

capabilities, which can be used in different ways. The Monte
Carlo-based error estimation methods used in MF-based fitting,
which would involve hundreds of calculations ##°(w), are

not practical with SRLS. In ref 12 a strategy where part of the

Meirovitch et al.

TABLE 2: Combined Fitting of 10 Relaxation Rates fH T,
T,, and the Three Relaxation Rates Associated with the
Rank 2 Coherences) Acquired at 11.7 and 14.1 T, 25C for
the Depicted Methyl Groups, the Data Under “MF” Were
Taken From Ref 12, The Penultimate and Ultimate Columns
on the Right ShowR(c}) = c5(SRLS)/G(MF) and R(z) =
7o(SRLS)/%.(MF), Respectively, the Residues Marked in
Boldface Required an Extended MF Formula for Data
Analysis 12

MF SRLS
Te 70,

methyl Sw@ ¢ ps R c3 ¢ ps R R@ R@
V2y1 0.73 1.22 54 0.013 1.770.82 101 0.025 1.5 1.9
T37 0.74 1.23 50 0.012 1.89-0.92 97 0.024 15 1.9
T55 0.98 1.41 51 0.012 1.83-0.95 113 0.028 1.3 2.2
T17 0.97 1.42 45 0.011 1.56-0.82 117 0.029

196 0.38 0.89 24 0.006 1.57-0.50 28 0.007 1.8 1.2
L8d1 0.30 0.79 35 0.009-0.29 —0.50 53 0.013

L84, 0.30 0.79 41 0.010-0.35 —0.50 57 0.014

T15 0.57 1.09 69 0.017 1.79-0.95 105 0.026 1.6 1.5
L38%; 0.56 1.08 34 0.008 1.68-0.74 61 0.015 1.6 1.8
V47y, 057 1.09 55 0.014 151058 93 0.023 14 1.7
1580 0.58 1.10 17 0.004 1.86-0.56 32 0.008 1.7 1.9
V49y, 0.62 1.13 40 0.010 1.68-0.82 61 0.015 1.5 1.5
L566; 0.61 1.12 70 0.017 1.89-1.09 117 0.029 1.7 1.7
L5660, 0.61 1.12 38 0.009 1.60-0.68 65 0.016 1.4 1.7
A61 0.60 1.11 46 0.011 1.68-0.73 77 0.019 15 1.7
T3 0.88 1.33 39 0.010 1.78-0.89 85 0.021 1.3 2.2
T28 0.88 1.33 41 0.010 1.82-1.02 85 0.021 1.4 2.1
14y 0.87 1.32 24 0.006 1.84-0.78 73 0.018 1.4 3.1
A33/A11 0.89 1.34 37 0.009 1.87-0.91 101 0.025 1.4 27
A11/A33 0.82 1.29 49 0.012 1.98-1.02 134 0.033 15 27
Al8 0.81 1.28 57 0.014 1.96-1.00 109 0.027 15 1.9
158y 0.82 1.29 27 0.007 1.79-0.96 53 0.013 14 2.0
T46 0.69 1.20 63 0.016 1.89-1.00 105 0.026 1.6 1.7
V49y;  0.68 1.18 34 0.008 1.72-0.68 69 0.017 1.5 2.0
T23 0.84 1.31 39 0.010 1.84-0.94 81 0.020 1.4 2.1
A50 0.84 1.31 24 0.006 1.81-0.93 53 0.013 1.4 22
A3l 0.83 1.30 77 0.019 1.94-1.15 134 0.033 15 1.7

with the rank 2 coherences (rows-&). Using 8 data points
comprising only the’H T, and T relaxation rates yields {8
values lower by 4.8% (rows-712). The discrepancies are
parameter-range dependent (not shown).

A difference of 4.8% inS .2 implies differences in the
potential coefficient;cg, exceeding 20%, due to the shape of
the squared order parametarsus é function for high @)2

gvalues. This has been discussed in detail in ref 21. Note that
Table 1 features an illustrative example. In general the differ-
gnces between corresponding best-fit parameters determined
with rank 2 coherences included or excluded might be larger.

Qualitative MF-Based Information. We checked whether
adequategualitative information could be obtained with MF.

The parameter used in MF to estimate the strength of the local
spatial restrictions i§, 2. The SRLS parameter, which serves
the same purpose, is the coefﬁcieu@, obtained with axial-

experimental data was eliminated systematically was used toPotential-based data fitting. ZTabIe 2 shows groups of methyl
evaluate uncertainties. Ultimately we used a combination of the Moieties with very similaiS, ;* values and the corresponding
various methods mentioned to estimate the errors in the best-best-fit SRLS parameters. Ten data poirftd {1, T2 and the

fit parameters, found to be typically on the order of 10%.
Importance of the Rank 2 Coherenceslncluding the rank

three relaxation rates associated with the rank 2 coherences
acquired at 11.7 and 14.1 T and 28) have been used as

2 coherences into the experimen’[al data set increases th@xperlmental data set. The MF data shown in Table 2 were taken

accuracy of the results, obviously with a higher but still
acceptable reduced value. This is illustrated in Table 1, using
for simplicity axial potentials. It can be seen that practically

from ref 12. We also showg(MF) derived from& = 0.1 x
S,,; using the axial versions of egs 5 and 10. The penultimate

and ultimate columns on the right sha®(¢) = c5(SRLS)/

the same results are obtained independent of the starting valuesé(MF) and R(7) = 1o(SRLS)/%(MF), respectively. It can be
with 16 data points, 8 of which are relaxation rates associated seen that these ratios are larger than unity and in many cases
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TABLE 3: Best-Fit Parameters Obtained with Combined
Fitting of 5 Relaxation Rates €H Ti, T,, and the Three
Relaxation Rates Associated with the Rank 2 Coherences)
Acquired at 11.7 T, 5°C, for the Depicted Methyl Groups,
the Global Motion Correlation Time Used Wast, = 8.01
ns!243the Quadrupole Interaction Was 167 kHz, and the

fen = rep Distance 1.115 A, All thecyc2 Values Are

Negative
methyl [ c2 Re To, PS [cHcd
L8, 1.49 —0.20 0.014 112 0.13
L3806, 1.51 —0.33 0.012 96 0.22
L5606, 1.54 —0.22 0.015 120 0.14
T55 1.19 —2.66 0.004 32 2.24
T23 1.53 —-0.28 0.016 128 0.18
Al8 1.37 —1.66 0.013 104 1.21
A50 1.51 —-0.77 0.010 80 0.51
L3806, 1.50 —0.51 0.014 112 0.34
T37 1.51 —0.65 0.027 216 0.43
T17 1.92 —1.69 0.019 152 0.88
V49y, 1.62 —0.85 0.012 96 0.59
A6 1.55 —0.92 0.020 160 0.59
A61 1.51 —0.95 0.013 104 0.63
VA47y, 1.51 —0.61 0.016 128 0.40
V2y, 1.56 —0.82 0.012 100 0.53
19y 1.56 —0.80 0.012 96 0.50

vary considerably within a given group of S|m|ISJ 2 values,
indicating that the variations i%_. 2(MF) and cO(SRLS) are
likely to differ qualitatively.

Profiles of CS(SRLS) (based on the best-fit parameters
obtained with SRLS at 5 and 2% for the methyl groups of
Tables 3 and 5) and the correspond®g 2(MF) values (taken
from ref 12) are shown in Figure 5. For clarity, the methyl

axis
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groups T55, A18, and T17). Inspection of the data shown in
Tables 4—7, obtained at the higher temperatures, points to a
diversified picture. We present in Table 8 results obtained by
averaging over the methyl groups analyzed at any given
temperature. It can be seen tlat average Rincreasesyzo
decreasess; increasesg; decreases, andy/cy| decreases with
increasing temperature.

Decrease in the local motional correlation timg, with
increasing temperature is expected. An activation energy of 2
=+ 0.2 kcal/mol has been derived from the data of Table 8 based
on the Arrhenius relation for the rate 1#(p Large site-specific
variations in local motional correlation times of methyl groups
in proteins have been predicted theoreticalR21 The value of
2 kcal/mol pertains to the theoretically predicted range, and the
10-fold lower SRLS rates are in significantly better agreement
with the theoretical predictions than the MF ratés>!

On the basis of the Arrhenius relation for the rate 446
(with 7, determined previousl¥*9 we obtained an activation
energy of 6.72+ 0.36 kcal/mol for the global motion of protein
L, in agreement with similar values obtained for other proteins
in aqueous solution (see ref 22 and relevant papers cited therein).

Mode-coupling, as expressed by the param&Retl= o/
tmlh) increases with increasing temperature, in accordance with
the activation energies for global and local motion. This is an
interesting result further documented below by outlining the
mode-composition at various temperatures.

The asymmetry of the local potential, as expressed]ty
c§|D decreases with increasing temperature. This is also inter-
esting new information indicating that the local spatial restric-
tions at the site of the motion of the methyl group become more

groups have been classified as foIIows SRLS categorles 1, Z’aX|aIIy symmetric as the temperature is raised.

and 3 correspond tgj > 1. 65 1.49< ¢5 < 1.65, andc) <
1.49, (é > 1.80, 1.60=< ¢ < 1.80, andc0 < 1.60) at 5
(25) °C. MF categories 1, 2, and 3 correspondfg? > 0. 85
06=<5S,2=<0.85 andS 2 <06 (52> 0.89,06=<S,

< 0.89, andS 2 <0.6) at 5 (25)°C. Clearly thec andSaXls
profiles d|ffer S|gn|f|cantly, often exhibiting opposite trends at
the same temperature, and different temperature dependence

Hence, care is to be exerted in MF analyses in interpreting .

squared order parameters and local motion correlation times in.

terms of physical or biological propertieS,i has been used
extensively to derive residual configurational entropy and heat
capacity, with far-fetched implicatior?8.Recently a new term
called, “polar dynamics”, based on relati®g¢ values, was
set forth*® Small differences By andze (Which is actually

a composite depending on bof and a bare rate of local

S.

When the local potential is axially symmetric afigho =
110.5°(with rey = rep = 1.115 A) the local spatial restrictions
at the methyl site are characterized d§y which evaluates the
potential strength. Clearlycg is expected to decrease with
increasing temperature. When the potential is rhombic[-mapl
is also allowed to vary, theetof parameterss, c3, andfuo,
ather thanc3 alone, evaluates the local restrictions. Changes
in c0 with temperature represent in this caggparentchanges
in potential strength.

Intersite comparison of the local restrictions based on
parameter sets is not straightforward. We have been looking
for simplified models, which evaluate this important aspect of
methyl dynamics in a more direct manner. The combination
wherec is fixed at its Woessner-model-compatible value and

motion) have been used to elucidate communication pathwayspug at 110.5°, withcg and the local motion correlation time,

in proteins?® Such inferences require accurate best-fit param-
eters.

Data Fitting. Five relaxation rates?d T, and T, and
relaxation rates associated with two-quantum, two-spin order

allowed to vary, was found to be appropriate. It yields results,
which are similar at lower temperatures and very close at higher
temperatures, to those of the complete model. The parameter
decreases consistently with increasing temperature, as required

and antiphase rank 2 coherences) acquired at 5, 15, 25, 35, anthy physical viability, andc5| decreases with increasing tem-

45°C, 11.7 T, have been measured for the methyl groups,L8
L380d,, L5646, T55, T23, A18, A50, L38,, T37, T17, V495,
AB, AB1, V4T7yq, V2y,, and |Y. These data were fit with SRLS
allowing c3, c3, andRe to vary while (ultimately) keepingvo
fixed at 69.8. The best-fit parameters are shown in Tableg 3
The results of fitting the data acquired at°’6, shown in
Table 3, feature best-fiR® values of 0.0+0.02 (with the
exception of methyl T55). The coefficient of the axial term of
the local potentialcé, is approximately 1.5 in units & T. The
potential asymmetry (rhombicity), as given Hg/c)| lies
within the range of 0.13—0.63 (with the exception of methyl

perature in most cases. The typical decrease (exceptional
increase) in structural rhombicity at most (specific) methyl sites

with increasing temperature constitutes interesting new informa-
tion. These developments will be reported shortly elsewhere.

Temperature-Dependent Mode CompositionWe illustrate
the mode-coupling concept inherent to the SRLS model. The
“pure”, i.e., unrestricted by a potential local motional mode has
an eigenvalue of 6, and the “pure” global motional mode has
an eigenvalue of 6R both in units ofR-.24 In the original MF
formula (eq 1), which is a limiting case of the two coupled
rotator modek?21.2445the weighting factors of the global and
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Figure 5. Schematic representing trendscﬁSRLS andSyi& MF at 5°C (a) and 25C (b). Thecg and S, values have been classified into three

groups according to their magnitude, as outlined in the text. These categories are denoted as 1, 2, and 3 on the ordinate. As pointed out above, the
average error mg has been estimated at 10%. A conservative estimate of the average &@f,ibased on ref 12, is 4%. These figures translate

into an average error margin &f 1.5 times the black symbol size and on the order of the red symbol size for the SRLS and MF representations,
respectively.

categories of ©

TABLE 4: Best-Fit Parameters Obtained with Combined TABLE 5: Best-Fit Parameters Obtained with Combined
Fitting of 5 Relaxation Rates €H Ti, T,, and the Three Fitting of 5 Relaxation Rates €H Ty, T,, and the Three
Relaxation Rates Associated with the Rank 2 Coherences) Relaxation Rates Associated with the Rank 2 Coherences)
Acquired at 11.7 T, 15°C, for the Depicted Methyl Groups, Acquired at 11.7 T, 25°C, for the Depicted Methyl Groups,
the Global Motion Correlation Time Used Wast, = 5.36 the Global Motion Correlation Time Used Wast, = 4.05
ns1243the cj/c; Values Are Negative, Except for Those ns1243the c3/c5 Values Are Negative Except forcy/cs of L84y,
Marked with Asterisks Marked with an Asterisk
methyl c G Re T, ps  |GcY methyl c G Re T, ps  |G/cY
L8061 1.63 —0.67 0.012 64 0.41 L801 —0.29 —0.50 0.013 53 1.72*
L3806, —0.11 —0.51 0.011 59 4.64* L3806, 1.68 —-0.74 0.015 61 0.44
L5660, 1.58 —0.80 0.015 80 0.51 L560, 1.60 —0.68 0.016 65 0.43
T55 1.66 —-0.77 0.024 129 0.46 T55 1.83 —0.95 0.028 113 0.52
T23 1.65 —0.77 0.024 129 0.47 T23 1.84 —0.94 0.020 81 0.51
Al8 1.68 —0.82 0.018 97 0.49 Al18 1.90 -1.0 0.027 109 0.53
A50 1.64 —0.80 0.013 70 0.49 A50 1.81 —0.93 0.013 53 0.51
L3862 1.44 +0.35 0.016 86 0.24* L3806, 1.44 —0.46 0.017 70 0.32
T37 1.77 —0.88 0.022 118 0.50 T37 1.89 —0.92 0.024 97 0.49
T17 1.66 —0.80 0.019 102 0.48 T17 1.56 -0.82 0.029 118 0.53
T3 1.58 —0.78 0.025 200 0.49 T3 1.78 —0.89 0.021 113 0.50
V49y, 1.61 —-0.71 0.018 97 0.44 V49y, 1.68 —0.82 0.015 61 0.52
A6 1.64 —0.81 0.019 102 0.49 A6 1.98 —1.02 0.033 134 0.52
A61 1.64 —-0.81 0.013 70 0.49 A61 1.68 —0.73 0.019 7 0.43
VA4Ty, 1.54 —0.68 0.016 85 0.44 VA4T7y, 1.51 —0.58 0.023 93 0.38
V2y, 0.99 —0.99 0.024 129 1.00 V2y, 1.80 —-0.79 0.018 73 0.44
19y 1.54 —0.61 0.015 80 0.40 19y 1.69 —0.78 0.015 61 0.46
A31 1.94 —-1.15 0.033 134 0.59
local motional modes correspond t&) and (1 — (S)?), numbers) is equal to the “pure” eigenvalue of 0.6 x
respectively. 0.012 and the fractional contribution of this mode is 0.092.

When the mode-decoupling limit is exceeded, quite a few Additional modes with eigenvalues ranging from 4.87 to 9.17,
modes contribute to the spectral density (eq 8). We show in with various individual weights, contribute 0.064. The rest(0.089)
Table 9 the dynamic modes associated with methyl 49 5, is contributed by a large number of mixed modes with individual
25, and 45°C with fractional contributions to the time  weighting factors below 0.1 (not shown). It can be seen that
correlation functiongCy(t), Cy(t), andCy(t) exceeding 0.1 (the  the two-mode limit is exceeded even though the time scale

labels 0, 1, and 2 are abridged versionK&f = (0,0), (1,1)= separation is relatively highRé = 0.012) and the potential
(—1,—1) and (2,2F (—2,—2), eq 6). We focus first o€q(t). relatively weak (§= 1.56 in units ofkgT).
For the largest time scale separationsRf= 0.012, and a ForRe = 0.015,c§: 1.69, andc = —0.78, obtained for 19y

rhombic potential with:g =156 andcﬁ = —0.80 obtained for at 25°C, three local motional modes with eigenvalues relatively
19y at 5°C, three major local motional modes with eigenvalues close to 6 make a combined fractional contribution of 0.767.
in the vicinity of 6 make a fractional contribution of 0.755. The The global motion eigenvalue is given by 0.0806 x 0.016,

eigenvalue of the global motion mode (shown in boldface which is again equal to the “pure” eigenvalue. Its contribution
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TABLE 6: Best-Fit Parameters Obtained with Combined
Fitting of 5 Relaxation Rates €H Ti, T,, and the Three
Relaxation Rates Associated with the Rank 2 Coherences)
Acquired at 11.7 T, 35°C, for the Depicted Methyl Groups,
the Global Motion Correlation Time Used Wasr,, = 2.55

nsl243the c3/c; Values Are Negative Except forcs/c) of
L3840, Markeo? with an Asterisk

methyl c c R T, ps  |GIc
L8061 1.49 —0.50 0.017 43 0.36
L3806, —0.54 —0.56 0.015 38 1.04*
L5606, 1.46 —0.50 0.020 51 0.34
T55 1.99 —0.66 0.037 94 0.33
T23 2.17 —0.63 0.029 71 0.29
Al8 2.09 —0.74 0.039 100 0.35
A50 241 —0.55 0.026 66 0.23
L3806, 1.19 —0.52 0.016 41 0.44
T37 1.89 —0.58 0.032 82 0.31
T17 1.61 —0.54 0.040 102 0.30
T3 2.12 —0.62 0.030 122 0.29
V49y, 1.83 —0.51 0.021 54 0.28
A6 2.06 —0.80 0.042 107 0.39
A61 1.67 —0.51 0.024 61 0.31
VAaT7y, 1.59 —0.51 0.029 74 0.32
V2y, 1.75 —0.94 0.058 147 0.54
199 1.88 —0.90 0.044 112 0.41
A3l 1.91 —0.92 0.044 112 0.48

TABLE 7: Best-Fit Parameters Obtained with Combined
Fitting of 5 Relaxation Rates €H Ty, T,, and the Three
Relaxation Rates Associated with the Rank 2 Coherences)
Acquired at 11.7 T, 45°C, for the Depicted Methyl Groups,
the Global Motion Correlation Time Used Waszt,, = 1.74

ns1243the c/c2 Values Are Negative

methyl c c R 0, ps  |cicd

L8d; 0.87 —0.32 0.018 31 0.37
L3801 1.39 —0.50 0.020 35 0.36
L5606, 1.93 —0.58 0.007 12 0.30
T55 3.94 —-1.18 0.063 110 0.30
T23 4.10 —0.66 0.067 117 0.16
Al8 2.68 —0.70 0.052 91 0.26
A50 3.05 —0.54 0.034 59 0.18
L3806, 1.49 —0.50 0.015 26 0.34
T37 2.51 —0.57 0.044 77 0.23
T17 2.15 —0.48 0.022 38 0.22
T3 3.06 —0.59 0.049 125 0.19
V49y, 2.03 —0.49 0.024 42 0.24
A6 2.48 —-0.74 0.058 101 0.30
A61 2.36 —0.44 0.028 49 0.19
VAT7y, 1.96 —-0.49 0.034 59 0.25
V2y, 2.20 —0.47 0.030 52 0.21
19y 2.42 —0.74 0.061 106 0.31
A31 2.03 —1.00 0.050 87 0.49

TABLE 8: Average Best-Fit ¢; Values, Rhombicity Ratios

|c5/c3l, Local Motion Correlation Times, 7o, and Time Scale
Separations,R¢, Obtained for the Methyl Groups in

Tables 3—7, the Global Motion Correlation Times,z,, Are
Also Given

t,°C @0 Ocdci0  Eol)ps RO 7y ng243
5 1.52 0.60 114 0.014 8.01
15 1.68 0.46 101 0.019 5.36
25 1.74 0.48 88 0.022 4.05
35 1.83 0.36 84 0.033 2.55
45 2.37 0.27 71 0.041 1.74
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TABLE 9: Eigenvalues, 1f; (in Units of R‘), and Weighting
Factors, ¢k, of the SRLS Solution for Cy(t), Cy(t), and Cy(t)
Obtained Using (a)c3 = 1.56,c5 = —0.80, and R° = 0.012, (b)
c3=1.69,c3 = —0.78, andR° = 0.015, and (c)c3 = 2.42,c3 =

— 0.74, andR°® = 0.061, These Values Represent the Best-Fit
Parameters Obtained with Rhombic Potential Fitting Using
the Data Acquired at a Magnetic Field of 11.7 T and at 5,

25, and 45°C, Respectively, for Methyl 19y, In All Cases
Shown fing = 69.5°, the Global Motion Mode Is Marked in
Boldface

a b c
1/7 Cki 1/7i CK,i 1/z CK,i
Co(t)
5.30 0.297 5.40 0.309 6.29 0.396
5.94 0.264 6.06 0.270 9.46 0.130
7.92 0.194 8.08 0.188 7.41 0.123
8.08 0.057 8.23 0.050 19.83 0.023
4.87 0.031 4.83 0.024 9.70 0.021
5.94 0.023 21.7 0.009 23.03 0.016
9.17 0.010 9.37 0.008 14.84 0.006
0.072 0.092 0.090 0.121 0.355 0.263
Ci(t)
6.14 0.321 6.09 0.299 6.41 0.223
5.92 0.309 6.49 0.290 1.69 0.221
6.43 0.313 6.85 0.265 1.51 0.141
1.77 0.051 1.61 0.130 7.80 0.140
19.75 0.003 19.80 0.009 9.17 0.111
9.00 0.068
7.55 0.048
19.85 0.013
22.06 0.010
Cy(t)
5.42 0.506 5.11 0.573 4.70 0.365
6.45 0.380 6.89 0.335 4.65 0.242
6.80 0.111 7.47 0.086 4.82 0.149
20.02 0.002 20.26 0.005 9.62 0.097
9.70 0.080
6.29 0.026
7.41 0.008

0.519, are present. The global motional eigenvalue is close to,
but not identical with, the “pure” eigenvalue of 0.3666 x
0.006, and the weighting factor of the global motional mode is
0.263. Mixed or coupled (local) modes with eigenvalues ranging
from 9.46 to 23.03 contribute 0.218 @y(t). Mode-coupling/
local motional mode multiplicity is clearly important at 46.

Dynamic modes with eigenvalues relatively close to 6
contribute taC,(t) (Cy(t)) 0.943, 0.854, and 0.411 (0.997, 0.994,
and 0.034) at 5, 25 and, 4%, respectively. FoC,(t) mode-
coupling is significant at 35C and dominant at 48C. For
Ca(t) mode-coupling is very important at £%&.

The trends in the various parameters as a function of
temperature have been discussed above.

Residual Configurational Entropy. Side-chairS? values,
which exhibit significantly larger variations than backbdge
values, have been used extensively in recent years to calculate
residual configurational entro@:52-54 This requires the equi-
librium probability distribution functionPe((Q2c'm), of the M
frame relative to the local director, PeQRcm) is calculated
automatically in SRLS using a potential form as general as
justified by the quality of the experimental data. The coefficients
of this potential,c; and c5, are determined by fitting the

has increased to 0.121. Additional modes with eigenvalues experimentaPH relaxation data. Model-free does not feature
ranging from 4.83 to 21.7 contribute 0.091. The rest (0.021) is potential energy functions (hence equilibrium probability func-

contributed by a large number of mixed modes with individual
weighting factors below 0.1.

At 45 °C, whereRe = 0.061,c3= 2.42, andc2 = —0.74 was
determined for 19, only two modes with eigenvalues relatively
close to 6 (6.29 and 7.41), with a combined contribution of

tions) explicitly. Equation 1 features a single order parameter
which corresponds to axial potential/axial ordering. Hence one
has to adopt a simple form of the potential after fitting, assuming
that it is axially symmetric and then us8, which is typically

inaccurate because of force-fitting, to calculate the coefficient
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of this (axial) potential. Consequently the residual configura- C—CHjs axis is considered in ref 39. Conformational multiplicity
tional entropy derived fron® is often inaccurate. and additional possible local motions are not accounted for.

Determining the form of the local potential compatible with ~ Finally, let us point out that methyl dynamics is currently
data integrity and accounting for potential rhombicity are clear the leading method for studying with NMR mega-Dalton protein
advantages of SRLS over MF. Currently the orientation of the Systemg?263 Therefore efforts to improve the analysis of the
spin-bearing bond vectors does not depend explicitly on the otheréxperimental data are timely and important.
degrees of freedom implying over-estimation of the partition
function52 Significant improvement on this important aspectis V. Conclusions

expected to.be achieved within the scope of the “integrated By applying SRLS to an extensive set%f spin relaxation
approach” discussed below. data, we have shown that appropriate analysis of methyl
Side-Chain Rotamer Interconversion. SRLS is a many-  dynamics requireshombiclocal potentials/local ordering. The
body mode-coupling approaéhin principle it can handle any  model-freeS,2-based “amplitude of motion” picture, implying
number of local motions coupled to one another and to extensive excursions of the—CH; axis in tightly packed
(asymmetric) global diffusion. The local potential is expanded protein cores, has been replaced with site-specific potential
in the complete basis set of the Wigner rotation matrix elements. rhombicity derived with SRLS. The form of the local potential
The number of terms one may preserve is determined by thejs an important structural property not determined so far with
nature of the experimental data. We found that the sensitivity NMR spin relaxation. Potential rhombicity was found to
of the?H relaxation data set (including in the current paper rank decrease with increasing temperature. The rates for local motions
2 coherences and relaxation rates acquired at four magneticincrease on average with increasing temperature. They are
fields) does not justify preserving terms beyond the axial and approximately 10 times lower than their MF counterparts.
(indispensable) rhombic = 2 components. The local diffusion  Activation energies for methyl motion are estimated at 2.2
tensor is axially symmetric, accounting for diffusiaboutand kcal/mol. These findings are consistent with theoretical predic-
of the C—CH axis? tions derived with molecular dynamics and molecular mechanics
This scenario captures many of the major features of methyl methods. The dynamical coupling between the global and the
dynamics as they emerged from e&?y¥’ and recent (ref 23 local motions (as estimated kyry) increases with increasing
and the current paper) studies. The asymmetry of the local spatialttemperature. The two-mode approximation is clearly an over
restrictions is represented by the rhombicity of the SRSL simplification, as methyl dynamics is definitely given by the
potential. The dynamical coupling between the local and global superposition of quite a few modes. The intrinsic ill-definition
motions (which may occur with arbitrary rates) is intrinsic to of the measurable spectral density is reduced considerably using
the SRLS model. General features of local geometry (e.g., the SRLS. The accuracy of the results can be improved by including
tilt between the magnetic and local ordering/local diffusion in the experimental data set rank 2 coherences. Research
frames) are allowed for automatically in the SRLS formalism. prospects include elucidation of highly accurate site-specific
All of the relevant physical quantities can be determined as best-information, the calculation of residual configurational entropy
fit parameters. from experimentally determined rhombic potentials, and en-
With regard to rotamer jumps, the SRLS modehinclude hancements of the dynamic model to include rotamer jumps.
potential minima involving motion within the latter, with less
frequent jumps between the minima. This is illustrated in Figure  Acknowledgment. This work was supported by the Israel
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