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Abstract: A comparison ofH- and3C-based NMR relaxation methods to characterize the dynamics of methyl
groups in proteins is presented. Using human ubiquitin as a model system, the field dependence of carbon and
deuterium relaxation parameters has been measured and used to probe the utility of various forms of the
model-free formalism in revealing the underlying dynamics. We find that both approaches reveal the same
overall dynamical features provided that suitable parametrization and model-free spectral densities are employed.
It is found that the original and extended model-free formalisms yield different descriptions of the methyl
group dynamics and that the extended version is more appropriate for the analysis of carbon relaxation. Because
of the inherent differences in the types of information tfatand 13C offer, deuterium methods appear to
provide robust access to methyl symmetry axis order with the least amount of data, while carbon methods
provide more robust access to model-free parameters defining the time scale of methyl rotation and methyl

symmetry axis motion.

Introduction
The influence and role of internal dynamics on protein

stability, structure and function continues to be the subject of

debate and extensive stully. While our knowledge of the

structural taxonomy of proteins appears to be nearing complete-
ness, our understanding of the existence, character, and inter

ment strategie® 23 Over the past decade, solution NMR
relaxation studies of proteins have generally focused on the
dynamics of the main cha#f4-3! More recently, the matura-
tion of a variety of multidimensional NMR sampling of het-
eronuclear relaxation has begun to allow facile access to the
motion of protein side chairt:32:33

conversion of states near the lowest free energy state of proteins Herle we are ir21terested in comparing the information derived
remains largely incomplete and unexplored. important issues fom *3C- and ?H-based relaxation studies of the s

rest on the characterization of the internal dynamics of protein

structures, particularly that of buried side chain®: A wide

variety of experimental and theoretical techniques have been
employed to characterize the internal motions of biopolymers.
The use of NMR spectroscopy has recently been aided by the
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dynamics of methyl-bearing amino acid side chains. The recent 17 (D) = ¥, aQR) I(wp) + 43(2wp)] 2)
emergence of suitable labeling stratedié&3*now allows for

the preparation of optimal samples. Methyl groups are of 1/T, (D)= Y67 qQIR)’[9J(0) + 15)(wp) + 6J(2wp)] (3)
particular interest since they occur with high frequency and are

often found in the hydrophobic cores of proteins. To gain in which €qQ/h is the quadrupolar coupling constant, and the
confidence in and understanding of b8thand*C relaxation J(w) terms correspond to the spectral density function evaluated
approaches to methyl dynamics, we present here a comparisorat zero, single-quantufi, and double-quanturi frequencies.

of the two techniques applied to the methyl groups in recom- It is generally assumed that the principal axis of the electric
binant human ubiquitin. Although similar comparisons have field gradient tensor is collinear with the-<D bond vector. As
been carried out in the past in the context of small moleéaiés, discussed below, this assumption may not be completely
the indirectly detectedH and 13C relaxation techniques for  accurate for methyl grougs.

proteins have not been compared. Here, 31 methyl groups have Relaxation of-C magnetization under the conditions depicted
been examined and provide high statistical confidence for the in Figure 1, i.e., in the absence of cross-correlation effects, is
comparison. A relatively broadly based set of relaxation data governed by the sum of the- dipolar interaction and*C

is used to probe the utility of various forms of the so-called chemical shift anisotropy (CSAY.

model-free formalism of Lipari and Sza#6¢°in revealing the

dynamics underlying relaxation. The present paper is restricted 1 hzyﬁ 7/(2: o ?

to autocorrelation relaxation and it is noted that cross-correlation ?l - 4r8 Ax [3d(wc) + Iwy — wc) +
relaxatiod'#%41 can provide additional detail to the motions cH 5
under consideration. We find th&t- and13C-based relaxation wcA

methods reveal the same dynamical features provided that 8(wy + wc)]l + —3 @) (4)

suitable parametrization and model-free spectral densities are

employed. Our results indicate that the original and extended yulB%vE ve\ u, \?

model-free formalisms yield different descriptions of the NOE=1+"7—-—I7—] [6)(wy + ) =

dynamics and that the extended version is in general more Ve\ Arex

appropriate for describing side-chain methyl dynamics. Because Jwy — wJINT, (5)

of the inherent differences in the types of information that
and™3C offer, the sensitivity of models and time scales to these in which y; and w; are the gyromagetic ratio and Larmor
data types are discussed in the context of currently available frequency of spin, Ao (= 0y — op) is the breadth of an axially
field strengths. symmetric'3C chemical shift anisotropycy is the C-H bond
distancey, is the permittivity of free space, amdlis the number
of hydrogens directly bonded #SC.
Model-Free Spectral Densitieslt is evident from the above
2H and 13C Relaxation. NMR spin relaxation is coupled to ~ equations that the interpretation of relaxation data depends
molecular motion through the spectral density functid(a), critically upon the form of the spectral density function. A
which is the cosine Fourier transform of the autocorrelation Particularly useful form ofi(w) proposed by Lipari and Szabo
function, C¢), of the C-H bond vector for'3C relaxation or  Consists of two internal motional paramete®§ ¢e) in addition

Theory

the principal axis of the electric field gradient tensor ot to a parameter which corresponds to overall molecular reori-
relaxation, entation ¢m).3839This so-called “model-free” form is given by
o 2 Sz"/'m (1- SZ)T
J(w) =2 [ C(t) cost)dt Q) Jw) == + (6)
‘[0 1+ 0’y 1+ w’”

where Cf) is the product of the overall tumbling correlation
function and the internal correlation functiéhThe precise
relationship between the relaxation parameters and the spectra
density depends on the mechanism of relaxation. In the case oft
2H (spin > 1/,), relaxation is dominated by the quadrupolar
mechanism, which for an axially symmetric electric field
gradient is given b{?

in which 771 = 7,71 + 7.1 & is the generalized order
arameter, which can take on a value between 0 and 1,
orresponding to complete isotropic disorder and fixed orienta-
ion, respectively, of the relevant vector in the molecular frame.
Thete parameter is the effective correlation time for the internal
motion. The model-free spectral density allows for a separation
between the relatively slow (ns) overall reorientational motion
and the relatively fast (psns) internal motion(s). An extension
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Figure 1. Modified pulse sequences of Nicholson et*afor the
measurement of methyfC T, (a) and{*H}—3C NOE (b) at 14.1 T

for proteins in 90% KO, 10% DO solution. Narrow bars and wide
bars correspond to 9@nd 180 RF pulses, respectively. The value of

6 is adjusted such thati@cqt = 54.7.4850 The value ofA is set to
Y4Jcn for maximal sensitivity; no difference iy values was observed

if A was set to'/sJch. Development of the NOE via nonselective
saturation of*H resonances is accomplished witll0 kHz 120 *H
pulses separated by 5 ms, shown in parentheses. In scheme a, saturati
of H resonances is continued during the variableelaxation delay
period. During the; evolution periods'H decoupling is accomplished
with a 3-6 kHz WALTZ-16 decoupling scheme. The phase cycle for
scheme a igl = y,—y; ¢2 = 4(y),4(—Y); $3 = X,X,—X,—X; reC= X,—
X,—X,X,—XX,X,—X. Z-axis gradients for th&; experiment were applied

as follows: g1 = 6 G/cm;g2 = 5 G/cm;g3 = 16 G/cm;g4 =5 G/cm;

all gradients were applied for 0.5 ms. In scheme b, one experiment is
recorded with'H saturation (in parentheses) and another without. The
WATERGATE"® sequence is used for solvent suppression. The phase
cycle for scheme b igl = y; $2 = x,—X; rec= x,—x. If a IH composite

180 pulse is used instead f#d decoupling duringitevolution (see
text), the composite pulse is cycled-x, andgl =vy; ¢p2 = X,X,—X,—

X; rec = x,X,—X,—X. Z-axis gradients for the NOE experiment were
applied as follows:gl = 8 G/cm;g2 = 8 G/cm; g3 = 20 G/cm; all
gradients were applied for 0.5 ms. [fy and NOE experiments
guadrature in; is accomplished using States-TPPI phase cyclingyof
and ¢, respectively.

form, there are four internal parameters that must be determined
To reduce the dimensionality of this proble& is often fixed

i
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Experimental Section

Samples.In a manner similar to that of a previous studdyyuman
ubiquitin used foPH relaxation studies was prepared by overexpression
in Escherichia coligrown on media containing 50%.8, 50% O,
and using'®>NH4Cl and p-glucose (U*3Cs,99%) as the sole nitrogen
and carbon sources, respectively. Purification was carried out essentially
as reported previoushf. The obtained protein was uniformly labeled
in 15N and 3C, with methyl groups randomly fractionally deuterated
to ~30%. NMR sample solution conditions were 90%H 10% B0,

50 mM acetatess, pH = 5.0. The final protein concentration was 1
mM in a volume of 300uL, which was transferred into a Shigemi
NMR tube (Shigemi, Inc.; Allison Park, PA).

Ubiquitin used for'3C relaxation studies was produced by overex-
pression inE. coli grown on pyruvate-containing media as described
previously!?3 |solated*3C methyl groups were introduced into Leu
o, Val y, and lley2 positions. Alas carbons labeled with*C had a
directly bonded™C, in 80—90% of the ubiquitin molecules. NMR
sample solution conditions were 90%® 10% DO, 50 mM acetate-
ds, pH = 5.0, and the protein concentration was 2.2 mM. A final volume
of 650 uL was transferred into a standard NMR tube.

NMR Spectroscopy.NMR experiments at 11.7, 14.1, and 17.6 T
were conducted on Varian Unity Inova spectrometers equipped with
IH/'N/*C probeheads witlz-axis pulsed-field gradients. THEC T,
NMR experiment at 9.4 T was recorded on a wide bore Bruker DMX
spectrometer equipped with %&1/15N/3C/PP probehead wittZ-axis
pulsed-field gradients (at NMRFAM at the University of Wisconsin,
Madison). All relaxation experiments were carried out at@Pat which
the temperature was calibrated using a methanol stafiélard.

Measurements of relaxation rates of multiple spin coherence involv-
ing deuterium, namelR(1.C,), R(1.C.D,), andR(l,.C,Dy) were made at
field strengths corresponding &1 frequencies of 92.09 and 115.24
MHz, resulting in six data sets. The increased resolution experimental
pulse sequences of Kay and co-workers were G38d.92 MHz, the
following relaxation delay times were used: 10.05* 14.0, 18.6, 23.5%,
.0, 35.0, 42.0, 50.0%, and 60.0 ms fg€} 0.60, 4.55, 9.15, 14.15%,
.55, 25.55, 32.55, 40.55, and 50.55 ms @D, 0.4*, 1.5, 3.3%

5.9, 9.2, 13.3, 155, 18.1, 23.7%, and 30.0 ms f&@,D,. Asterisks
indicate duplicate measurements. Recycle delay times of 1.6, 1.8, and
2.1 s and 16, 48, and 32 transients/fid were used, ey 1,.C,D,, and
1.C,Dy, respectively. All three data sets at 92 MHz were acquired with
82* x 512* points for the'3C (t;) and*H (t;) dimensions, respectively.
The 13C spectral widths and carrier frequencies were set to 19.22 and
17.68 ppm, respectively. At 115 MHz, the following relaxation delay
times were used: 11.20, 15.15, 19.75, 24.65, 30.15, 36.15, 43.15, 51.15,
and 61.15 ms forC;; 0.60, 4.55, 9.15, 14.15, 19.55, 25.55, 32.55,
40.55, and 50.55 ms for@,D,; 0.4*, 1.5, 3.3*, 5.9, 9.2, 13.3, 18.1,
23.7*, and 30.0 ms for,C.,Dy. Recycle delay times of 2.1, 2.1, and 2.3

s were used for,C,, I,.C,D,, and LC,Dy, respectively, and 16 transients/

fid were collected for each experiment. At 115 MHz, data sets were
acquired with 102* x 512* points for the*C (t;) and H (t)
dimensions, respectively. TR spectral widths and carrier frequencies
were set to 19.07 and 17.87 ppm, respectively. Approximately 158 h
of spectrometer time was used for all of thé experiments.

For the'C T; and{*H} —13C NOE experiments, previously published

‘pulse sequencé&swere slightly modified and are reproduced in Figure

1. It was found that spectral artifacts in thi¢d} —13C NOE experiment

at 0.111, which arises from an assumed tetrahedral geometryarising from a sample impurity were significantly reduced if a com-

of the methyl grou83°2:45
Lipari and Szabo pointed out that givéa and NOE relax-

ation data at one or two fields, the simple model-free parameters

(eq 6) are most reliably obtained when the internal motion is in
the extreme narrowing limit. However, when data exist at
multiple fields, the model-free formalism can provide a useful
description for internal motion that is outside of the extreme
narrowing limit3® In the case of the extended model-free
formalism, the “slow” internal motion(s) muebtbe in extreme
narrowing if it is to be discriminated from the fast internal
motion(s). If both internal motions are in extreme narrowing,
the extended model-free formalism is not warranted.

posite 180 'H pulse fort; *H decoupling was used instead of
WALTZ-16. However, for thel; experiment WALTZ-16H decoupling

was used to ensure that dipolar cross-correlation effects were
minimized#&-50

(45) Woessner, D. El. Chem. Physl962 36, 1—4.

(46) Raiford, D. S.; Fisk, C. L.; Becker, E. Anal. Chem.1979 51,
2050-2051.
(47) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young,
E.; Bax, A.; Torchia, D. ABiochemistry1l992 31, 5253-5263.
(48) Palmer, A. G.; Wright, P. E.; Rance, @hem. Phys. Lettl991
185 41-45.

(49) Kay, L. E.; Torchia, D. AJ. Magn. Reson1991, 95, 536-547.

(50) Kay, L. E.; Bull, T. E.; Nicholson, L. K.; Griesinger, C.; Schwalbe,
H.; Bax, A.; Torchia, D. AJ. Magn. Reson1992 100, 538-558.
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A total of four °C T; data sets were collected at field strengths
corresponding t&°C frequencies of 100.61, 125.71, 150.84, and 188.78
MHz. At 100 MHz, 120*¢;) x 512*(t;) spectra were recorded wiil
relaxation delay times of 12.3, 42.3*, 102.3, 177.3*, 277.3, 402.3,

542.3* 712.3, 902.3, and 1152.3 ms, where asterisks indicate dupli-
cate measurements. Enhancement from the NOE was developed fo

1.8 s, and the total recycle delay was 2.3 s. At 125 MHz, QD%
512*(t,) spectra were recorded willh relaxation delay times of 137.6,

Lee et al.

, M ob§ - calq 2
%= Z lobs (10)
! i

in which M is the number of relaxation measurements for a given spin,

robs, is thej™ measured relaxation parameter, cadchej™ calculated

relaxation parameter (from egs—2), and Aj°*s is the estimated
uncertainty in obs In the case ofH relaxation, éqQ/h was taken to

248.2%, 388.8, 559.6, 765.6%, and 1001.8 ms. Enhancement from p. 165 kHZ2 In the case offC relaxation Ac was fixed at 25 pprie
the NOE was developed for 2.3 s, and the total recycle delay was 3.0 and the effective €H bond distance was taken to be 1.11% fsee

s. At 150 MHz, 110*) x 512*(t,) spectra were recorded wiffy
relaxation delay times of 12.0*, 62.3, 137.6, 248.0*, 388.6, 559.4

Discussion). Variation of the breadth of the CSA tensort86 ppm

' results in a change of less than 1% in obtained relaxation parameters.

765.2%, and 1001.2 ms. Enhancement from the NOE was developed g5 56 the Powell procedure does not in general locate global minima,

for 2.3 s, and the total recycle delay was 3.0 s. At 188 MHz, 120*(
x 512(,) spectra were recorded witF; relaxation delay times of

167.6, 298.1*, 468.7, 674.5, 915.4* and 1201.4 ms. Enhancement
from the NOE was developed for 2.5 s, and the total recycle delay was

3.3 s. In all T; experiments, the spacing betweén 120° pulses
during NOE buildups and relaxation delay periods was set to 5 ms,
except for the 100 MHz data set for which the spacing was set to
4.2 ms. A total of thre¢'H} —13C NOE experiments were collected at

it was necessary to perform an initial grid search of the relevant
parameter space prior to the Powell minimization. Parameter errors
were estimated from 150 Monte Carlo simulations.

Results

Methyl Dynamics Determined from 2H Relaxation. The
°H experiments and analysis were carried out as preséfibed

125, 150, and 188 MHz. At each field strength, a reference experiment (see Experimental Section). Relaxation rates®f I,C,D,, and

with no 'H saturation and an experiment wiffd saturation for
approximately 1T; (6, 7, and 7 s for the three fields, respectively)

were acquired in an interleaved manner (see Figure 1). NOE spectral

parameters were identical to tfige parameters. ASC spectral width
of 15.1 ppm was used for all of tH€C relaxation experiments. For
all experiments 8 transients/fid were collected, except the 125 MHz
NOE for which 16 transients/fid were collected. Approximately 100
hours of spectrometer time was needed for th€€eT; and NOE
experiments.

Data Analysis All data sets were processed into 532 1024
matrices using Felix 95.0 software (Molecular Simulations Inc., San
Diego). Cross-peak intensities were used to quantiteteor °C

I,C,Dy coherences were measured f€H.D isotopomers from

44 methyl groups in ubiquitin at 14.1 and 17.6 T at’80 These
rates were deconvoluted into p@ longitudinal and transverse
rates using eqs 8 and 9. Employing the model-free approach,
< andt, dynamics parameters were obtained via fits to egs 2,
3, and 6.Fas Was obtained fron®.s = $40.111, in which

the factor 0.111 is derived from rapid rotation of a methyl group
with tetrahedral geometrd?. An overall rotational correlation
time, Tm, of 3.5 ns was used, which was estimated fiShh T,

and NOE dat&° The best-fit model-free parameters are given
in Table 1. On average, the experimental data were reproduced

magnetization, and the uncertainties in these intensities were estimatedrom the best-fit model parameters to within 213)(and 3.8%

from duplicate measurements (except for the NOE experiments, see

below). The LevenbergMarquardt algorithrft was used for nonlinear
2-parameter curve fits for aiH and**C decay data. On the wholg?

residuals were lower than the number of data points in a given decay,

signaling “good fits”. All relaxation parameters are reported in the

(T1,).58 Values of Fayis obtained from fits using the extended
model-free formalism (eq 7) yielded essentially identical order
parameters for most methyls, as pointed out previotfsly.
However, 7ais and 7 parameters could not be fitted reliably.

Supporting Information. Standard errors in the relaxation rate constants All “H-derived dynamics parameters mentioned from this point

were taken from the covariance matrix, and re-acquisitiom;adata
sets confirmed this error estimation procedure.

Values of?H T, and Ty, were deconvoluted from relaxation rates of
I.C,, 1.CD,, and LC,Dy coherences in the following mann&r:

1

L =R(D) =RI,CD) ~R(.C) ®)
1

L —R,(0) =R1CP,) - R(,C) ©)
1p

Average standard errors for these péirerelaxation rates were 6.1
and 5.8% forT, and Ty, at 92 MHz, and 7.2 and 6.3% fdr and Ty,

at 115 MHz, respectively. Average standard errord3d T, values
were 1.0, 1.2, 0.6, and 0.7% for 100, 125, 150, and 188 MHz data
sets, respectivelff*H} —3C NOEs were calculated from peak intensity
ratios, INO¥/|™f, taken from the NOE!{ saturation) and reference (no

on will refer to those obtained using the simple model-free
formalism (eq 6).

Methyl Dynamics Determined from 13C Relaxation. Car-
bonT; and NOE relaxation measurements for 31 methyl groups
in ubiquitin were recorded at 11.7, 14.1, and 17.6 T, and an
additionalT; data set was recorded at 9.4 T. Only 31 methyls
could be characterized since th& approach used does not
label Thry and lle & methyl groups appropriateff. Within
experimental error, no evidence for deviation from monoexpo-
nential decay was found in any of thB data (Figure 2);
excellent fits were obtained, resultingTa uncertainties of 1%
or less (Supporting Information). Therefore, the measrél
approximate the initial decay rates to better than 1%, strongly
suggesting that dipotedipole cross-correlatiGdmay be ignored
in this analysis. As pointed out previously, multiexponential
behavior should become more severe as the correlation time

1H saturation) experiments. Intensity uncertainties were estimated basedcorresponding to methyl 12qumps decreases below 15 s.
on the root-mean-square noise level in the baseplane. To be conserva= (52) Mantsch, H. H.; Saito, H. Smith, I. C. Prog. Nucl. Magn. Reson
tive, this value was doubled and then propagated to yield NOE standardgpectrosc1977 11, 211-271. T ' ’ ' '

errors of 1-2% for all data sets. This practice was found to be realistic

(53) Spiess, H. WNMR: Basic Principles and Progred978 15, 55—

on the basis of a duplicate 150 MHz NOE experiment carried out several 214.

months later.

Internal dynamics parameters were fitted locally for each methyl
site using a nonlinear least-squares Powell minimizétiofthe error
function,

(51) Press: W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
Numerical recipes in fortran 77: the art of scientific computi2gd ed.;
Cambridge University Press: Cambridge, 1992; Vol. 1.

(54) Henry, E. R.; Szabo, Al. Chem. Phys1985 82, 4753-4761.

(55) Lee, A. L.; Wand, A. JJ. Biomol. NMR1999 13, 101—-112.

(56) In the laboratory of Professor Lewis Kay, an independent study of
2H methyl dynamics using a different ubiquitin sample was carried out using
11.7 and 14.1 T field strengths. Comparison of deri®gs parameters
from the two studies yielded excellent agreement within experimental error,
with a pairwise rms deviation of 0.05.

(57) Werbelow, L. G.; Grant, D. MAdv. Magn. Reson1977, 9, 189—

299.
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Table 1. Ubiquitin Methyl Simple Model-Free (SMF) Parameters fréifh Relaxation at 30C

Faxis 7e (PS) Xszn Saxis 7e (PS) XZM*H
137 0.98+ 0.05 34.4+ 3.1 0.3 130 0.77+ 0.05 12.5+ 2.6 0.7
130 0.75+ 0.04 10.8+ 2.2 0.6 136 0.83+ 0.07 73.8+4.2 0.4
V571 0.91+ 0.05 35. 7+ 3.1 0.0 136 0.58+ 0.03 20.0+ 1.6 0.6
V572 0.88+ 0.04 19.2+ 2.4 0.2 L43t 0.55+0.11 57.3£8.3 0.8
T7V 0.75+ 0.04 42.8+ 2.8 0.7 L432 0.61+ 0.05 31.9+ 3.0 2.0
L8t 0.27+0.02 43.1+ 1.5 3.7 144 0.71+ 0.05 40.2+ 3.2 0.9
Lg%2 0.21+0.02 42.5+ 1.4 0.8 144 0.314+0.03 23.7+£ 1.7 5.9
TY 0.64+ 0.03 31.6+1.8 3.8 A46 0.95+ 0.04 16.4+ 2.2 1.4
T12 0.934+0.05 33.5+ 3.0 1.0 L50! 0.894+0.12 21.5£7.0 0.2
1137 0.56+ 0.03 38.7t 1.9 1.7 L502 0.86+ 0.09 17.7+5.6 0.3
113° 0.55+ 0.03 21.0+£ 1.8 0.2 T58 0.93+ 0.05 35.8+ 3.0 1.0
T14 0.78+ 0.04 43.14+ 2.8 0.3 L561 0.60+£0.12 60.3+ 8.1 0.0
L15°1 0.58+ 0.08 33.1£5.5 0.2 L562 0.62+ 0.06 21.7+ 4.2 0.0
L1502 0.62+ 0.05 27.3£ 3.0 1.3 16Y 0.95+ 0.05 18.4+ 2.6 0.5
V17t 0.89+ 0.06 39.3+t 34 0.8 167 0.56+ 0.03 18.7+ 2.0 0.9
V1772 0.89+ 0.09 72.1+£ 5.7 0.2 L67! 0.30+ 0.03 51.4+ 2.0 0.3
T22 0.95+ 0.05 28.4+ 2.7 1.4 L672 0.29+ 0.03 42.6+ 2.2 0.0
123 0.95+ 0.05 24.5+ 2.9 1.2 L692 0.55+ 0.05 37.0£ 3.5 0.8
123 0.51+0.04 27.3t£ 2.3 0.2 V702 0.35+ 0.04 73.1+ 3.3 0.5
V261 0.86+ 0.05 37.9+ 3.1 1.5 L72t 0.29+ 0.02 45.6+ 1.6 1.1
V2672 0.99+ 0.05 10.3+ 2.7 0.4 L73t 0.19+0.01 40.0+£ 1.1 9.6
1307 0.93+ 0.05 24.6+ 2.7 0.0 L732 0.17+0.01 35.7+ 1.1 0.0

1 following the convention introduced previousf/in the EMF

formalism, the f (i.e. “fast”) subscript corresponds to methyl
rotation about the symmetry axis which generally occurs on a
time scale faster than 100 ps. In our analysis using this two-
time scale modelS? is linked to 7+ and is fixed at 0.111,
corresponding to perfect tetrahedral geometry of the methyl
group. The s (i.e., “slow”) subscript can correspond to reorienta-
tion of the methyl symmetry axis, which usually occurs on a
time scale slower than methyl rotation. If both motions are on
the same time scale, the EMF equations reduce to the SMF
equations, an&? becomes equivalent 18/0.111 of the SMF
formalism. It should be noted that beca®&is fixed at 0.111,
the EMF formalism may be inappropriate if the symmetry axis
motion occurs on a time scale significantly faster than methyl
rotation. For ubiquitin, this appears not to be a problem. We
refer to the slow EMF parameters agqs and Ss for the
remainder of this paper. Best-fit values of EMF parame$éss,
0 02 0.4 06 08 10 Taxis @ndt; obtained from carboif; and NOE data are given
in Table 2. On average, the experimental data were reproduced
from the best-fit model parameters to within 0T4)(and 1.2%
Figure 2. Time decays of*C longitudinal magnetization at 14.1 T (NOE). It should be mentioned that the 3-parameter EMF fits
(150 MHz *C frequency) plotted semilogarithmically. From top to  were more demanding than the 2-parameter SMF fits, resulting
bottom, normalized peak intensities for 1'50V52, V17, and 136 in |arger standard errors By values. Nevertheless, removal
methyl resonances are superimposed on th_elr respective best—flttedof the 150 MHzT; and NOE data as well as the 125 MHiz
single-exponential curves. THe values, respectively, are 0.859, 0.697, data resulted in essentially identical EMF parameters with only
0.439, and 0.313 s. . . :
slightly larger error bars, suggesting that a reduced data set with
od field dispersion is sufficient for EMF parameter fitting.
Inspection of Table 2 shows unequivocally that use of SMF
and EMF formalisms give dramatically different order param-
eters for the methyl symmetry axi€a.xi SMF) values greatly
fexceedS‘:2a><is(EMF) values wherrays > 400 ps, and in four
instancesFaxi SMF) values exceed the physical limit of 1,
suggesting that the SMF description has failed. Conversely,

0.1

normalized peak intensity

seconds

Because methyT;'s are dominated by this fast rotation and 90
Ty's increase ag decreases, protection against cross-correlation
effects is automatically built into th&; experiment; methyls
with longer T; values will be sampled in a manner which
emphasizes the initial decay region, reducing the influence o
cross-correlation to a negligible levEl#° The carbonT; and
NOE were initially analyz ing the original model-fr .
pa(ljran?:tt:r;axi antda tz/ (leai)r: ?hdelzﬁ agnfellssci)s)? figingotiiseee Faxil SMF) andSaxi(EMF) values are in best agreement when

. 2
parameters to eqs6. Best-fit values 0fis andz. are given Taxis = 10_0 Ps, such as for \_75 V26, and 130. In th_ese cases
in Table 2. both motions are near (or in) the extreme narrowing limit, and

In addition, the relaxation data were also analyzed in model- Qsingle-gxponential apprqximation of the internal aurtocorrela-
free fashion allowing for two internal motion time scales with tion fungthq (i.e., SMF) yields accurate order parameters.
the parameter§?, i, S2, andrs384447as shown in eq 7. This In ubiquitin, _three types of_methyl groups are adequately
parameter set will be referred to as the extended model-free"€Presented using théC relaxation approach: Led lle y and

(EMF) description, wherea&ayis andre corresponding to eq 6 (58) Schurr, J. M.; Babcock, H. P.; Fujimoto, B. $. Magn. Reson.
will be referred to as the simple model-free (SMF) description, 1994 105(B) 211—-224.
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Table 2. Ubiquitin Methyl Model-Free Parameters frofC Relaxation at 30C

simple model-free (SMF) extended model-free (EMF)

Faxis Te (pS) XZan Fasis Tt (pS) Taxis (pS) X2M7n
137 0.92+0.03 31.3+0.3 25 0.71 0.07 28.1+ 0.7 368+ 58 0.6
V571 0.83+ 0.02 30.2+£ 0.3 1.4 0.80+ 0.05 28.9+1.1 109+ 70 1.7
V572 0.80+ 0.02 18.4+ 0.2 6.1 0.60G+ 0.05 14.1+ 0.5 248+ 21 1.6
L8t 0.63+ 0.02 30.6+ 0.2 23.8 0.21-0.04 22.0+£05 284+ 12 4.9
L8%2 0.634+ 0.02 27.7£0.2 304 0.19+ 0.04 18.9£ 0.4 283+ 10 2.6
1137 1.00+ 0.02 21.5+0.2 23.8 0.52+ 0.05 16.9+ 0.4 477+ 22 0.3
L1501 0.764 0.02 29.0+£ 0.2 16.2 0.4Gt 0.06 22.4+ 0.6 309+ 19 9.0
L15%2 0.62+ 0.01 21.9+ 0.2 11.0 0.39% 0.04 15.4+ 0.5 214+ 15 3.1
V17t 0.90+ 0.03 34.9+£ 0.3 1.8 0.71+ 0.07 317 0.7 324+ 48 0.2
V1772 1.164+ 0.05 55.6+ 0.6 1.4 *x 53.9+1.2 *x 1.7
123 0.80+ 0.02 23.7£ 0.2 1.5 0.69+ 0.07 20.9+ 1.7 181+ 92 0.5
V261 0.94+ 0.03 29.8+ 0.3 4.7 0.67 0.06 26.4+ 0.6 406+ 40 0.7
V2672 0.78+ 0.02 15.5+ 0.2 1.9 0.76+ 0.03 15.0+ 1.4 43+ 62 24
1307 0.84+ 0.02 22.9+0.2 2.8 0.8+ 0.05 21.7+1.2 108+ 80 3.4
136" 1.19+ 0.05 52.0+ 0.5 5.2 0.52+0.08 47.3£1.0 1460+ 482 1.0
L431 0.89+ 0.04 39.4+ 04 6.5 0.50+ 0.08 34.1+ 0.8 399+ 32 0.7
L4302 0.75+ 0.02 22.7+£ 0.2 22.0 0.35+ 0.04 15.7+ 0.4 303+ 12 1.9
1447 1.07+ 0.03 28.6+ 0.3 12.3 0.56+ 0.07 24.3+ 0.6 653+ 75 0.8
A46’ 0.76+ 0.02 18.0+ 0.2 5.3 0.58+ 0.05 13.6+ 0.5 219+ 23 21
L50°t 0.86+ 0.02 23.3:0.2 7.4 0.56+ 0.05 18.6+ 0.5 327+ 23 0.9
L50°2 0.71+0.01 13.7+0.2 6.3 0.55+ 0.04 8.8+ 0.4 199+ 18 1.3
L56°1 0.95+ 0.04 445+ 0.4 4.5 0.60+ 0.10 40.1+1.1 4524+ 84 1.0
L56°2 0.62+ 0.01 18.7+0.2 5.2 0.49+ 0.05 135+ 1.0 170+ 29 2.8
1617 0.814+ 0.02 18.8£ 0.2 4.1 0.714 0.06 159+ 1.3 179+ 72 4.2
L67°t 0.63+ 0.02 37.7£ 0.3 11.9 0.25+ 0.06 29.6+ 0.6 282+ 16 1.2
L67°2 0.60+ 0.02 31.7+0.3 13.8 0.25k 0.05 23.5+ 0.6 261+ 15 3.9
L69°2 0.81+ 0.02 27.8+£0.2 6.1 0.54+ 0.06 22.8+ 0.6 296+ 24 1.6
V7072 1.07+0.04 47.9+ 0.4 12.3 0.42+ 0.09 41.6+1.0 679+ 89 3.3
L7711 0.57+ 0.02 33.0+£ 0.2 14.0 0.24+ 0.05 249+ 0.5 250+ 14 2.8
L73% 0.53+0.01 27.1+0.2 40.8 0.1G+ 0.03 17.3+ 0.4 264+ 8 7.7
L73% 0.49+ 0.01 23.7+£ 0.1 69.8 0.0G+ 0.03 12.5+ 0.3 271+ 6 3.3

Val y methyl groups. Whereas llg and Valy had similar shortly which do not account for mass differences show that
averageSayis values around 0.65, Ledi methyls had a lower  values determined froffC are expected to be approximately
averageSays value of 0.35, indicating a greater dynamical 10—40% shorter thame determined frontH measurements. In
displacement from the main chain. The averagg parameter any case, it is clear from these data that all of the methyl groups
was approximately 300 ps for Leuand Valy but approached  examined have model-free rotational correlation times shorter
500 ps for lley methyls. In addition, the variability imayis than 100 ps and thdH and3C relaxation SMF analyses yield
parameters differed significantly for the three methyl types. . values which are highly correlated.
Standard deviations imyis were 70, 470, and 230 ps for Leu Figure 3b shows the comparison®fyi{(?H) parameters with
o, lle y, and Valy methyls, respectively. No distinguishing  Saxis(**C,EMF) parameters. Th&axig?H) values have a much
characteristic values for the parameter were observed. stronger linear correlation witayi13C,EMF) than withSayic
Comparison of 2H and 13C Dynamics Parameters.The (*3C,SMF). In addition, the averag@u-n (x-squared per degree
comparison of*C-derivedSaig:*C,SMF) andr¢(*3C) param- of freedom) is reduced to 2.4 in tHEC-EMF fits from an
eters with SMF parameters obtained fréifhrelaxation is shown average value of 12.2 in thBC-SMF fits (Table 2). These
in Figures 3a and 4a. Ideally, all points would fall along the results are not so surprising since there is no a priori reason
diagonal if the two sets of parameters are in quantitative methyl rotation and symmetry axis reorientation (yieandy
agreement. Obviously this is not the case since the correlationrotations) should occur on the same time schieconclusion,
betweenSayis parameters is weak at best. On the other hand, the extended model-free formalism, in which the internal
there is a strong correlation betwesrparameters (Figure 4a), autocorrelation function is composed of a sum of two single-
although the slope of the correlation is much greater than initially exponentials, appears to be the simplest realistic description
expected. At this point, it should be mentioned that using this of side-chain methyl dynamics in ubiquitin.
simple form for J(w), e must be characteristic of both the To further clarify the experimental comparisons in Figures 3
motion aboutthe methyl symmetry axis as well as motioh and 4, synthetiéH and*3C relaxation parameters were generated
the symmetry axis. It follows that. is a weighted average of  for an ensemble of 100 methyl groups using the extended model-
the characteristic times of these two principal dynamic processes.free formalism. Each methyl of the ensemble was randomly
Due to the geometry of the methyl group, the methyl rotation assigned3axis, Taxis andzs values within the ranges of 0.65
tends to dominate this average for all methyls in ubiquitin, and 0.90, 206-1000 ps, and 550 ps, respectively, and all methyls
Te provides a reasonable estimaterpfor methyl rotation, as were arbitrarily defined by an, of 4.0 ns andS? of 0.111.
seen in Figure 4b. It is important to note that this property should DeuteriumT; andTy, at 92 and 115 MHz fields were generated
not be a general one. In the case of ubiquitin, Figure 4a might for each methyl and subsequently fitted with SMF parameters.
initially suggest that CkD methyl rotation in the fractionally =~ From the same ensemble, carb@n and NOE data were
deuterated protein is-1.5 times slower than Cirotation in generated for 100, 125, and 188 MHz and fitted with SMF and
the nondeuterated protein. However, it is likely that such an EMF parameters. These data, we believe, provide a reasonable
isotope effect, which was observed for methyl rotation in model for the actual experimental data set and should thus
toluene3®is much smaller; numerical simulations to be presented facilitate interpretation. Figure 5a shows bes&fifi?H) plotted



Protein Methyl Group Dynamics in Solution

J. Am. Chem. Soc., Vol. 121, No. 12, P339

80
a * %
1.0 a
60 .
0.8 *
— 3 @ )
= = o
\_ 0.6 = 40/ oo
% g‘% + c\i .. .:.. ¢
[4+] Q *
U 0.4 1 e .
»
g 20 o s
0.2 o ® .
0 T T T T T 0 T T T
02 04 06 08 1.0 0 20 40 60 80
13
Saxis (1°C,SMF) 1o(13C) (ps)
80
b
1.0 b
60
0.8 | .
< & .
- 0.6 —~ 401 o
2 O
© 9 .
W 04 3 e
&
Sl 7] ‘e
/ [ ]
/ L ]
Y
O T T T T T 0
0 02 04 06 08 1.0 0 20 40 60 80

Saxis (°C,EMF) 16("C) (ps)

Figure 4. (a) Correlation ofr(?H) versusze(**C). (b) Correlation of
7o(*3C) versuse(*3C). e is the internal effective correlation time using
collected at 14.1 and 17.6 T, respectiveéfC T, and NOE data were the SMF formalism, andr; is the fast internal correlation time
collected at 11.7, 14.6, 17.6 T, and an additiomaldata set was (corresponding to rotation about the methyl symmetry axis) using the
collected at 9.4 T. Error bars correspond to standard deviations derivedEMF formalism.?H T, andT, data were collected at 14.1 and 17.6 T.
from 150 Monte Carlo simulations. The dashed line is a best-fit 3C T; and NOE data were collected at 11.7, 14.6, 17.6 T, and an
regression to the data forced through the origin, with a slope of 1.25 additionalT; data set was collected at 9.4 T. Relevant fitting parameters
and a correlation coefficient of 0.83. In both (a) and (b), the value are the same as in Figure 3.

used for the overall correlation time,, was set to 3.5 ns. For tHé
analysis, &gQ/h was set to 165 kHz, and for théC analysesicn was
set to 1.115 A,

Figure 3. (a) Correlation of Faid?H) versus Sui(*3C,SMF). (b)
Correlation 0fSayi?H) versusSai1°C,EMF).2H T, and Ty, data were

Accordingly, we must now consider tH#,s values reported
earlier by us to be quantitatively in err8The similarity of
Figures 3a and 5b is consistent with methyl dynamics being
versus best-fi%yi{°C,EMF). Since thé&yi{1°C,EMF) values best described by the extended model-free formalism. In Figure
were perfectly fitted to the correct values (as they must be when5c¢, 74(?H) is plotted versusre(*3C). From this plot it now

m andS? are held fixed at their known values), it is clear that becomes clear that thel.5 slope in Figure 4a arises largely
the SMF approximation for théH analysis provides accurate from different model dependencies & and 13C relaxation
order parameters except in the case of very 8wis whentais data, complicating the matter of whether £€&hd CHD groups

is large. In Figure 5b, the san®.,i(°H) parameters are plotted  undergo rotation at different rates. Given that nearly all methyls
versusZaxi(13C,SMF) parameters, in a manner similar to that in ubiquitin haverays < 600 ps (corresponding to filled circles
in Figure 3a. The shared feature of points falling below and to in Figure 5), the slope of the points in Figure 4a may be
the right of the diagonal in these correlation plots illustrates indicative of slightly slower methyl rotation rates for @b
just how devastating the SMF approximation can be for carbon groups in the deuterated protein relative to{3toups in the

T, and NOE relaxation data analysis (for the field strengths nondeuterated protein.

employed here) when the motion of the symmetry axis occurs  These simulations do not reveal the origin of the observed
on a significantly slower time scale than fast methyl rotation. slope of~1.25 in Figure 3b. The correlation betwe®,i?H)
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Figure 5. Simulation of?H and*3C relaxation data using the extended
model-free (EMF) form of)(w) for an ensemble of 100 methyl groups
with 7, = 4.0 ns ands? = 0.111. Each methyl was randomly assigned
Saxis Taxis and 7 values in the ranges of 0.6%.90, 206-1000 ps,
and 5-50 ps, respectively. Fixingm and S? at their correct values,
these EMF-simulated data were subsequently fitted with SMF or EMF
parameters (assuming the correct values,0dnd S?). 2H T, and Ty,
were simulated at 11.7 and 14.1 T, a¥€ T, and NOE data were
simulated at 9.4, 11.7, and 17.6 T. All data were given 1% error except
for the {*H} —13C NOE, which was given 2% error, to mimic realistic
weighting for all fits (eq 10). (aFaxis(*H) values are plotted versus
the perfectly fitted, Saxi(**C,EMF) values. (b)Faxis(?H) values are
plotted versuayis (*3C,SMF) values. (c}e(?H) are plotted versus.-
(*3C). In all panels, methyl groups with trugys values of 208-600
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Figure 6. Simulated terms of the extended model-free (EMF) spectral
density expression given by eq 7. The solid line represents the first
term for overall rotation with an, of 3.5 ns. The dotted line represents
the second term for the fast motios, = 25 ps. The dashed line
represents the third term for slow or intermediate motion corresponding
to reorientation of the methyl symmetry axisys = 300 ps. Labeled
arrows correspond to the probing frequenciesiGrand?H relaxation
at 14.1 T (600 MHZH frequency).

and Saxis(*3C,EMF) values can be expressed as

Szaxis(ZH) = a§axis(13C!EMF) (11)

The observed deviation of from 1 can conceivably arise from

a large number of contributions. In one class of potential sources,
the deviation can arise from improperly set model-free param-
eters or constants assumed to be known, most of which will be
considered in the Discussion. The valuerg@lused, for example,
can be shown to empirically scale the valuecofA t, value

of ~4.1 ns will reducen to 1, but this is an unreasonably large
value ofry, for 1—2 mM ubiquitin at 30°C,>® suggesting that
the choice ofry, is not the source of the discrepancy. The origin
for the opposite dependenciesBfyi(2H) and Faxig*C) upon

Tm lies in the inherently different frequency information in these
relaxation data sets. To first ord&ayi?H) andr,,, compensate

for each other because thi¢0) term in theTy, expression (eq

3) must be satisfied by th€ry, /(1 + w?r,2) term in eq 6. On

the other hand, forwtm > 1, Faif**C) and rm must both
increase in order to maintaiiC spectral densities determined
from T, and NOE data, which contain nif0) terms.

Discussion

The2H and3C relaxation parameters considered here provide
complementary information with respect to methyl dynamics.
This is largely due to the characteristic sampling frequencies
which contribute to the various relaxation parameters (et 2
Specifically,?H favors the low frequencies because it samples
at 0, 92, and 184 MHz at 14.1 T, for example, wher&¥s
favors higher frequencies, sampling at 150, 450, 600, and 750
MHz. This puts2H further into the extreme narrowing limit
with respect to internal motion thafC, as shown in Figure 6.

In addition, the presence of #0) contribution to relaxation
dramatically facilitates determination &, As a resultH
relaxation is an effectie technique for obtaining?is regardless

of time scale¥® (at least in the range of 0 ps to negy). The
broader range offC sampling frequencies results, as we shall
soon see, in a greater sensitivity to two or more motions on
different time scales up to approximately 1 ns, and it is often

ps are represented by closed circles, whereas methyl groups with truethe case that two time scales can be discriminated and hence

Taxis Values of 606-1000 ps are represented by open circles.

reliably fitted to EMF parameters. From Table 2 (and Figures
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3 and 4) it is clear that fof3C data the SMF and EMF
formalisms give quite different results and that the EMF
formalism is preferred for describing pas methyl dynamics.
Interpretation of the carbof; and NOE data using SMF
parameters yields unreliabl&,s values which are often
overestimated, as confirmed by simulations (Figure 5b). For the
2H analysis, interpretation using EMF parameters was unsuc-
cessful given the precision of the data.

Accessibility of Methyl Dynamics Parameters.Given that
2H and!3C have different sensitivities to different model-free
parameters, it is of interest to define the limits of accessible
time scales which can be characterizedyand3C relaxation
analyses. If the SMF formalism is used, it is desirable to be in
the extreme narrowing limit, where relial#8,s andze values
can be obtained with a minimum amount of d&&he lower
frequencies of’H are preferable td3C in this regard. But
because the SMF formalism is an oversimplification for methyl
dynamics in proteins, ascribing significancertocan become
ambiguous, and little can confidently be said about motional
time scales. If the EMF formalism is used, it is desirable for
fitting purposes to have the fast motion in the extreme narrowing
limit such that it acts as a simple scaling factor Tarand to
have the slow motion such thatr ~ 1, as for'3C relaxation in
Figure 6. These ranges will be modulated by changing the field
strength, and the correlation times will be better characterized

if several fields are used so that the sampling frequencies span

the putative Lorentzian line shape correspondingig (i.e.,
72 in eq 7).

These sensitivities are graphically demonstrated within the
EMF formalism in the contour plots of Figure 7. In panel a,
contour lines map calculated deuteridimand T, at 14.1 T as
a function ofz; and taxis, for a tm of 3.5 ns andSais of 0.5
(andS? of 0.111). The intersection df (solid) andTy, (dashed)
contour lines define they/taxis values which give rise to those
T, andT,, values. Conversely, values afandzays which can
be discriminated are characterized by an intersection of lines.
Discrimination via?H relaxation of fast and slow time scales is
optimal for 0.8 NS=< 7axis < 1.8 ns and 1 ps 7t < 60 ps.
Outside of this region, curves for deuteridmand Ty, tend to
run parallel within typical experimental error and thus it becomes
a greater challenge to determine unigg@&nd taxis Values. In
panel b, similar contour lines are mapped for carbgisolid)
and NOE (dashed) data at 14.1 T using identical EMF
parameters. Here the region of optimal discrimination is roughly
defined by 150 p& 7axis < 800 and 1 ps 7t < 50 ps. Due to
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Figure 7. Contour plots of calculategH (a) and*3C (b) relaxation
parameters at 14.1 T as a functiontpindrays Of the EMF formalism
(eq 7). In (a), solid and dashed contour lines represeinmethyl
(CH,D) T, andTy, values, respectively. In (b), solid and dashed contour
lines represenC methyl (CH) T, and NOE values, respectively. For

the unique frequency dependence of the NOE, there is a higherall cases;zn was fixed at 3.5 nsSyis Was fixed at 0.5, an®? was

propensity for intersection of; and NOE lines than in panel
a. When typical experimental errors are taken into accéé@t,
relaxation is clearly the method of choice, given presently
available field strengths, for discrimination of these motions
whentais < 1 ns. Analogous plots with, set to 10 ns have
intersection features indistinguishable from Figure 7. It is
important to note that although these contour plots show

fixed at 0.111. The intersection of solid and dashed lines indicate
discrete solutions im/7axis Space. Regions where solid and dashed lines
are parallel indicate multiple solutions or ambiguity in definingnd

Taxis

many methylrais values in ubiquitin appear to fall (Table 2).
This explains why attempts to fit.is parameters (i.e., using
the EMF formalism) to our experimentéH data failed in all

representative features of dynamics time scales accessible fromyages.

2H or 13C relaxation, they do not account for variationSfyis
and field dependent effects.

The implications of theséH and!3C contour plots have been
confirmed by numerical simulations in whiéal and**C data
were synthesized with Gaussian noise using the EMF formalism
and subsequently fitted with EMF parameters (data not shown).
For typical deuteriunT, and Ty, experimental uncertainties{3
4%)), field strengths in excess of 22 TH(frequency of 1000
MHz) in addition to lower field data~11 T) were required to
robustly fit 7axis values in the range of 266600 ps, into which

A potential drawback fot3C EMF analysis, at least with the
presenfl; and NOE data, is that the lack ofJ§0) term in egs
4 and 5 makes extraction 6fas potentially challenging if the
motion(s) of the symmetry axis is removed from the extreme
narrowing limit. Careful inspection of simulations reveal that
Faisis fitted less robustly as increases, a feature that is also
evident from the increased spacing of contour lines in Figure
7b ast; increases. This partially explains WiSaxis and Taxis
for V1772 could not be fitted, since it had the highestvalue
of ~54 ps® If, in addition, 7.s Was greater than 1 ns, this
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and 2, and Figure 3. BecauS&,i?H) values are already very
close to 1, the adjuste®.yis values would then exceed 1 and

would further increase the difficulty of the fit sinde and NOE

contour lines begin to run parallel in this regime (Figure 7b). If

T, data at lower field strengths are recorded such that {i))? cease to be physically meaningful. T&&{13C,EMF) values,

< 1, Suxis Will be obtained with increased precision as the however, presently do not exceed 0.8, leaving room for such

putative Lorentzian spectral density line shape correspondingadjustments. If3 is indeed greater than 109.5or CH; and

to the third term in eq 7 is mapped at lower frequency. CH.D, this may indicate that the methyl dynamics are more

Therefore, the available field strengths will represent an accurately characterized by th#& approach.

important constraint on the precision of th€-derived Saxis For 2H relaxation,3 is more accurately defined by the angle

estimates. formed between the methyl symmetry axis and the principal
Simulations have confirmed that an optint&C relaxation axis of the electric field gradient tensor, which runs ap-

data set would consist df; and NOE at a low field (e.g., 7 T  proximately collinear with the €D bond vector. Thus, to

or lower), a high field (e.g., 14.1 or 17.6 T), and if possible at interpret?H data accurately, the magnitude 86€/h in addition

an intermediate field. Due to the sensitivity of the experiments, to the orientation of the field gradient needs to be known to

the data should not require more than 100 h of acquisition time, high accuracy. If the field gradient axis and-O bond vector

and reasonably small uncertainties ®%yxis and 7axis Values orientations differ by as little as a few degrees (i.e., a change

should be attainable. In principle, the accurate measurement ofin 3) as previously suggestéd S2 could change by as much

carbonT, would alleviate the challenge of determini®yis

with high precision when only high fields are available.
However, accurate determination of methyl carbon transverse
relaxation rates is especially difficuf.

Complex Motions. It is possible that even the extended
model-free formalism (EMF) is an oversimplification of the
dynamics in ubiquitin. For example, if, in addition to a 200 ps
motion, there was an additional symmetry axis motion on a time
scale of~1 ns, theSi(3C,EMF) would likely differ from
Faxi(?H). Saxi(?H) would be an accurate order parameter for
the combined slow motions (as long $s.is > 0.2, see Figure
5a), whereaai*°C,EMF) could float from this value since
it would not be anchored by &0) or similar term. Therefore,
points that fall off the line in Figure 3b may be indicative of
motions more complex than the EMF formalism can accom-
modate. The methyl of L”Z3 may be a good candidate for such
complex motions. This side chain is near the C-terminus, is
highly solvent-exposed and is therefore likely to have more
complex dynamics. Another may be \WZ0which falls below
the diagonal in Figure 3b, and is also highly solvent-exposed.

Choices of “Fixed” Parameters—Effect on o.. The observed
discrepancy betwee®.,id?H) and Sayi*3C,EMF) values, or
deviation of thea. parameter from 1 (eq 11), could arise from
a number of sources, such as the chosen values of fixed
parameters in théH and 13C analyses. The effect af, was
considered earlier, and now we discuss the remainder.

An issue brought up in receMCH; relaxation studies is the
geometry of the methyl group in various amino aciel$’6°
Specifically, the order parameter for methyl rotation depends
on the angleg formed between the €H (or C—D) bond and
the symmetry axig83945

3co$p—1
oessner 2 (12)

Although the value 0Byoessne(= & = v/0.111) employed has

a dramatic effect 0%, We have used the same value %o
and'3C analyses and therefore this parameter does not effect
the comparison. If, however, theaue values ofSyoessnerdiffer

for CH,D and CH groups, such differences would be manifested
in a. It is interesting to note that values 6f less than 0.111
may be warranted (due to deviation from tetrahedral geom-
etry?®-63) which would increase the values $%isin Tables 1

(59) Interestingly, this effect is the opposite of that observed for the
2H-EMF fits, in which Sayxis was fitted accurately but andzaxis were not.

(60) Chatfield, D. C.; Szabo, A.; Brooks, B. R.Am. Chem. S04998
120, 5301-5311.

(61) Lehmann, M. S.; Koetzle, T. F.; Hamilton, W. @. Am. Chem.
S0c.1972 94, 26572660.

as 30%. Quadrupolar coupling constants of-1668 kHz have
been employed in this and previous methylrelaxation studies
by Kay and co-worker&36485Most studies in the solid state
have also employed a narrow range of values for the; CD
quadrupolar coupling constant, usually 36870 kHz>2 These
values are vibrationally averaged (see next paragraph) since they
are based directly on experimentally observed splittings.

For13C relaxation analysis, the-€H bond distancer,cy, must
be known to high accuracy in order to extract unbiased dynamics
parameters. Becausg is taken to the sixth power, apparently
small variations imcy can have correspondingly dramatic effects
on calculated carbofy values. Values afcy ranging from 1.07
to 1.14 A have been implemented in the literature, resulting in
a scaling factor which can vary by as much as 45%, a range
much larger than any experimentaluncertainties. Henry and
Szabé* give a compelling recommendation for an effective
methyl C—H bond length of 1.115 A. This value effectively
removes the contributions to relaxation from ultrafast stretching
and reorientational librational motions of the-8 vector, which
would otherwise be inappropriately reflected $is>* For
methine carbons, a value of 1.10 A is recommended, which
removes effects that arise from the bond stretching motions only,
and hence the ultrafast reorientational motions of the vector are
reflected in the order parameférWith respect to theSauis
discrepancy in Figure 3b, an unreasonably large valueof
(>1.14 A) must be employed to bring to 1. It appears,
unfortunately, that further investigation will be necessary to
pinpoint the origin(s) of the nonunity value of

Potential Sources of Systematic ErrorOf primary concern
at the outset of this and previoddC-based autocorrelation
studies was the effect of cross-correlationst¥n relaxatior?”
Though'H—13C dipolar cross-correlation is eliminated Pyl
decoupling/saturation, the degree of cross-correlation between
protons within a methyl grouf, although effectively small
(Figure 2), remains unclear. In tHél-dense environment of
proteins, it is assumed that the surroundtrigdipolar field is
sufficient to efficiently mix the methyl group’s manifold of spin
states. From Figures 3b and 4b it appears 8khtand 13C
dynamics are in good agreement and therefore suggests that
cross-correlation is not an obstacle to meaningful interpretation
of the 13C data.

While neighboring 'H spins provide favorablendirect

(62) Koetzle, T. F.; Golic, L.; Lehmann, M. S.; Verbist, J. J.; Hamilton,
W. C.J. Chem. Phys1974 60, 4690-4696.

(63) Batchelder, L. S.; Niu, C. H.; Torchia, D. A. Am. Chem. Soc.
1983 105 2228-2231.

(64) Kay, L. E.; Muhandiram, D. R.; Farrow, N. A.; Aubin, Y.; Forman-
Kay, J. D.Biochemistry1996 35, 361—368.

(65) Yang, D.; Mok, Y. K.; Forman-Kay, J. D.; Farrow, N. A.; Kay, L.
E. J. Mol. Biol. 1997, 272, 790-804.
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interactions for suppression of cross-correlation effeditect uncertainty. Two reasons wha (or () is fitted reliably for
dipolar interactions witH3C may contribute to the measured 13C methyl relaxation are apparent: (1) tHéC Larmor
T, values. In a typical leucine side chain, for example,tHe frequency is~2.5 times greater than that &N, resulting in
can in principle contribute t83C? longitudinal or transverse  greater sensitivity to fast motions in both and NOE data, (2)
relaxation on the order of a few percent, assumidglia—13C? the very large amplitude of motion for methyl rotation is the

distance of 2.15 A. If true, th&C-derived model-free param-  dominant mechanism for scaling @, as can be from eqgs 4
eters may be offset by a similar degree. It is interesting that and 7. In the case dH relaxation, the latter reason alone is
this type of effect tends talecreasefitted Fayi*°C, EMF) sufficient for robust fitting ofze.
values, at least for dynamics typical for Table 2, and hence Practical Considerations for 2H and 3C Relaxation
cannot be invoked to explain the observed slope in Figure 3b. Measurements and Analysis To carry out the’H or °C
In contrast, neighboring spins are likely to have a negligible experiments, the sample must have suitable isotopic incorpora-
effect on the steady staféH}-13C NOE (for nonselectivéH tion. At current isotope prices the cost of making protein
saturation)® uniformly 13C-enriched, 50% randomly fractionafi#-enriched
For the ?H approach, misinterpretation 6f;, could be protein is approximately 40% of the cost of making protein with
problematic if chemical exchange processes occur on micro- isolated™C sites in methyl group¥'In addition, the’H strategy
second time scales too rapid for the removal of these effects bylabels all methyl groups, whereas tH€ strategy fails to label
the~1 kHz spin-lock employed hef Such effects, if present,  Mete, lle , and Thry methyls, although these methyls should
would yield underestimatedy, values, which in turn yield be amenable t&C studies with old and new labeling scher#e?.

overestimate®ayis parameters. Similarly fol’C, an underde-  If the random fractionaf*C strategy is use#, the cost is
veloped NOE would likely introduce error int,is, although negligible, and all methyl sites are enriched at a28% level.
this effect onSayis is more difficult to predict. The sensitivities of thé3C relaxation experiments, in our

Finally, one cannot ignore the possibility that deuteration of hands, are nearly an order of magnitude more sensitive than
proteins has an effect on protein dynamics. For example, basedhe?H relaxation experiments. In the present case, considering
upon Figures 4a and 5c, as well as previous observatiihs, the different sample concentrations, roughly the same amount
isotope effect on the rate of rotation about the symmetry axis Of Spectrometer time was used fét and*3C approaches. Even
cannot be completely dismissed. On the other hand, it is alsothough the precision of the extractéd relaxation rates were
possible that the methyl rotation rates in ubiquitin are too slow 5—10 times lower than those &IC (see Experimental Section),
to be influenced by inertial effect8.As deuteration has been  2H-derivedS%yis parameters were extracted with slightly higher
suggested to significantly perturb protein stabifity’* it is also precision because of the dominancel(). It follows that the
plausible that many types of motions are affected by isotopic dynamics parameters considered most valuable (and the avail-
substitution. In conclusion, with all of the above-mentioned able field strengths) will often dictate whettfét or °C is more
potential sources for scatter and bias in the respective analysessuitable. Another consideration for larger proteirsLQ kD) is

the dynamical features of ubiquitin as revealec®Hyand3C spectral resolution in théH/13C correlation spectrum. The
relaxation must be taken as remarkably similar. resolution in the?H experiments is limited due to the constant-

Methyl Rotation. The model-free correlation time corre- time evolution period, and in addition the two- and three-bond
sponding to rapid rotational methyl jumps)(is determined °H isotope t_effe_cts distort all mthyI cr_o_ss-peaks, wh_lch may
with extremely high precision from the ubiquitiC relaxation make guantitation of volumes or intensities p.roble.matlc. In the
data. In the case ofH relaxation, reasonable estimates for C€ase of'“C, the cross-peaks have no such distortions, and the
methyl rotation correlation times are obtained from the SMF 'esolution is limited by'*C line widths. Becausé’C methy|
formalism, as evidenced from the relatively tight correlation lin€ widths are narrow due to fast symmetry axis rotations,
betweerrs(2H) andz(13C) (Figure 4a) and betweag(3C) and extremely high-resolution nonconstant-time spectra can be
1(13C) parameters (Figure 4b), thus establishing confidence in glcquwed for methyl regions of protelns_. Finally, because the
these parameters. Even though some scatter exists between °“H approach accesses the spectral density at the zero frequency,
(2H) and74(13C), the simulations above show that this degree thiS approach may be favorable if complex motions of the
of scatter is expected when EMF data is fitted using the SMF SYmmetry axis exist, or if only one or two field strengths are
formalism (Figure 5c). Therefore, aside from the slope, which available. If possible, data should be collected at two fields or
indicates that CkD groups may rotate slightly more slowly ~More since the fitted parameters can then be meaningfully
than CH; groups, the correlation is essentially as good as one €valuated by g-squared statistic. . )
could expect. Accordingly, the EMF parameters in Table 2 If the view of methyl dynamics provided b3H and **C
are expected to be accurate model-free correlation times forrelaxation methods are consistent, a unified approach should

rotation about the methyl symmetry axis, ranging from 8 to 54 be advantageous for an EMF analysis. THeT,, data contains
ps with an average of 232 10.6 ps. valuableJ(0) information, thus allowing¥ayis to be extracted

easily, and thé3C data has good sensitivity t versuszaxis
discrimination. Unfortunately, becauseis greater than 1 we
approach this “linked” analysis with some reservations. Since
the relationship betwee®ai?H) andFayi13C,EMF) has been

(66) Neuhaus, D.; Williamson, M. Fthe Nuclear @erhauser Effect in established experimentally given the present data and also
Structural and Conformational AnalysigCH Publishers: New York, 1989. because the differences in methy| rotation rates for @kd

(67) Akke, M.; Palmer, A. GJ. Am. Chem. S0d.996 118 911-912. ; i Nifi
(68) Ericsson, A.; Kowalewski, J.; Liljefors, T.; Stilbs, .Magn. Reson. CH.D isotopomers may be significant, the protocol would be

The high precision with which: and . were obtained is in
contrast to what is normally encountered in aniiié¢ relaxation
analyses, in which the, parameter typically has a large relative

198Q 38, 9-22. to obtainSis from 2H relaxation, correct it using the empiri-

(69) Hattori, A.; Crespi, H. L.; Katz, J. Biochemistryl965 4, 1213 cally determinedo. = 1.2, and then use this as input to fjt
1225.

(70) Hattori, A.; Crespi, H. L.; Katz, J. Biochemistryl965 4, 1225~ (72) Jones, W. C.; Rothgeb, T. M.; Gurd, F. R.N\Biol. Chem1976
1238. 251, 7452-7460.

(71) Makhatadze, G. I.; Clore, G. M.; Gronenborn, A. Nat. Struct. (73) Piotto, M.; Saudek, V.; Sklenar, ¥. Biomol. NMR1992 2, 661—

Biol. 1995 2, 852—855. 665.
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andtayis Using thel*C data at 500 and 600 MHz. This approach
should be most useful if only a narrow range of field strengths
are available.

Conclusions

From a comparative study of methyl dynamics in ubiquitin,
2H and*C NMR spin relaxation approaches were found to yield
the same principal features ofpss side-chain dynamics. It
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