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Abstract: Experiments for quantifying the amplitudes of motion of methyl-containing side chains are
presented that exploit the rich network of cross-correlated spin relaxation interactions between intra-methyl
dipoles in highly deuterated, selectively 13CH,D- or *CHgz-labeled proteins. In particular, the experiments
measure spin relaxation rates of degenerate *H transitions in methyl groups that, for high-molecular-weight
proteins, are very simply related to methyl three-fold symmetry axis order parameters. The methodology
presented is applied to studies of dynamics in a pair of systems, including the 7.5-kDa protein L and the
82-kDa enzyme malate synthase G. Good agreement between *H- and ?H-derived measures of side-chain
order are obtained on highly deuterated proteins with correlation times exceeding approximately 10 ns
(correlation coefficients greater than 0.95). Although ?H- and *3C-derived measures of side-chain dynamics
are still preferred, the present work underscores the potential of using *H relaxation for semiquantitative
estimates of methyl side-chain flexibility, while the high level of consistency between the different spin
probes of motion establishes the reliability of the dynamics parameters.

Introduction

A complete description of molecular structure is based not
only on static molecular images obtained by X-ray diffraction,
NMR spectroscopy, and now cryo-EM technigu&sut must
also include information that relates to how conformations
change in time due to molecular dynamfc§.In this regard,
NMR spectroscopy has emerged as a valuable probe sinc
experiments have been developed that can be used to stud
motion over a very broad range of time scale¥. One of the
most interesting and important areas of study as related to
proteins involves side-chain dynamics that play an |mportant
role in stability, molecular recognition, catalysis, and ligand
binding11~15 Over the past decade, NMR experiments for the
study of such motional processes have emetgéti?? in
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addition to new computational approaches that incorporate
“dynamic” information into the calculation of protein struc-
tures?3

NMR studies of side-chain dynamics frequently make use
of the deuteron as a spin-spy probe of motion sifidespin
relaxation is dominated by the well-understood quadrupolar
interactior?* Initial studies focused on uniformiC-labeled
molecules that were fractionally deuterated, wh&i€H,D

¥sotopomers were selected as reporters of motion in methyl-

containing side-chaif%!® or wherel3CHD spin systems were
used in the study of other side-chain sitésn applications
involving larger proteins, such as the 723-residue malate
synthase G (MSG, 82 kDa), new labeling schemes can be
employed that make use of commercially available precursors
resulting in 100% incorporation dfCH,D groups at lle§1),
Leu, and Val methyl sites, and we have recently described a
dynamics study involving llé{1) 13CH,D probes in MSG? This
labeling approach leads to significant increases in sensitivity
that are critical for applications to high-molecular-weight
proteins. It has also been shown that, for large proteins such as
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MSG, it is possible to extract reliable values of methyl side-
chain order parametersSys through measurement oH
transverse relaxation rates ¥¥CHD, methyl groups that can

dynamics were performed ofU-['*N,2H], lled1-[**CHg], Leu,Val-
[*3CH3,*2CD3]} -labeled MSG and §U-[**N,?H], lled1-[**CHjg], Leu,
Val-[*3CHj3,*2CD;]} -labeled sample of the B1 immunoglobulin binding

also be prepared at “100% abundance” in proteins through thedomain of peptostreptoccocal protein L. All the samples were prepared

use of suitable precursof$The availability of'3CHD, probes

also facilitates measurement of dynamics through the use of

complementary approaches that quanfif relaxationt325
without concern aboutH—13C cross-correlation effects that

as described in detail previoughy®using U-PH]-p-glucose as the main
carbon source and appropriateketo-acid precursors for selective
methyl labeling}* We have chosen also to incluéiN labeling so that
IH—-15N correlation maps could be obtained, if desired, by dissolving
samples in HO. The MSG samples comprised 99.9%) 25 mM

complicate both the experiments and their subsequent analysis;odium phosphate, pH 7.1 (uncorrected), 20 mM Mg@05% NaN,

in the case of3C T, andT, relaxation studies involving?CHs
and 13CH,D methyl groupg® Excellent agreement has been
obtained betweerfyis values measured frortH (13CH,D,
13CHD,)- and3C (*3CHD,)-based experiments in the work from
our laboratory on MSG2 and Torchia and co-workers have also
reported a good correlation betweéh- and 3C-derived
measures of order in studies on the HIV-prote&se.

IH spin relaxation in methyl groups is, of course, also
sensitive t0S%yis, and it should be possible, in principle, to
develop'H-based relaxation experiments that provide robust
measures of order. However, studies involviti) relaxation
are, in general, qualitative at best. The main complication in

and 5 mM DTT and were 0.7 mM (&.-[*3CH,D]) and 0.5 mM (ll&)1-
[*3CHj3], Leu,Val-[*3CHs;,*?CD3]) in protein. The protein L sample was
1.4 mM in protein, 99.9% BD, 50 mM sodium phosphate, pH 6.0
(uncorrected).

NMR Spectroscopy.NMR experiments were performed at 500 (600)
MHz, using Varian Inova spectrometers equipped with room-temper-
ature (cryogenically cooled) triple-resonance probes. Data sets for MSG
and protein L were recorded at 37 and°G, respectively. Spectra
obtained with the pulse scheme of Figure Z&J{*N,2H], lled1-
[*3CH,D]}-MSG) had acquisition times of 80 (64) mstin(t,). Values
of R% 1 (RS, 1) relaxation rates were recorded with parametrically varied
delaysT (Figure 2a) of 0, 4, 8, 12, and 16 (0, 4, 8, 12, 16, 20, 24, 28,
and 32) ms (i.e.T set to a multiple of 1/(®cy), with *Jcy measured

the extraction of accurate dynamic parameters results fromto be 125.1+ 0.4 Hz in 3CH,D isotopomer®¥). A number of

contributions to relaxation from neighboring protons (in the

postacquisition data manipulations in th&CH,D-TROSY-derived

present case, external to the methyl group in question) that canexperiment (Figure 2a) have been performed as described in detail

be very significant and that are difficult to account for in a

previously®¢and are briefly summarized in the Results and Discussion

quant|tat|ve manner; any experimental approach must eﬁectlve|y section below. Unique to the present eXperiment is that data sets

solve this problem, and to our knowledge this remains an

outstanding issue. For example, while Ishima et al. report a

correlation of 0.95 between measured meth3C and 2H

transverse relaxation rates in HIV-protease, the correlation drops

to 0.81 wherfH and*H rates are compared.We show here

acquired withT = k/*Jcy and withT = (2k + 1)/(22Jch), wherek = 0,
1, 2, ..., are out of phase with respect to each other Byir9the F,
dimension and must, therefore, be phased separately to pure absorptive
line shapes. In addition, each data set acquired Wwith1, 3, 5, ... is
180 out of phase with respect to matrices for whick= 0, 2, 4, ...;
each data set for which negative correlations are obtained is phased by

that nearly quantitative measures of methyl side-chain dynamics 18w (in one ofFy/F, see below) prior to fitting peak intensities to a

can be obtained via measurement 16f relaxation rates in
13CH,D and!3CHz; methyl groups of highly deuterated proteins
by exploiting the presence of more than one proton in such
moieties. In particular, cross-correlation effects that derive from
the presence of multiple proton spins lead to differences in
relaxation of degenerattH transitions in both*CH,D and
13CH; spin systems’29 Such differences can be “put to use”
to effectively subtract out relaxation interactions resulting from
proximal'H spins. NMR experiments are presented for measur-
ing transverse relaxation rates of individd&l transitions in
13CH,D and 3CHz methyl groups of proteins and simple
expressions that relaf#,s to the difference in measured rates
are derived. Values d.is obtained in studies of both the 7.5-
kDa protein 12 and the 82-kDa MS& are shown to be in good
agreement wittfH-derived measures of order.

Materials and Methods

NMR Samples. Relaxation rates of degenerate proton transitions
in 3CH,D methyl groups were measured dtJ-[**N?H], lled1-
[*3CH,D]}-MSG, while studies involving®CHs probes of side-chain
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monoexponential decay functiol, e R, whereR is the relaxation
rate andr the relaxation delay (see Results and Discussion for the details
of experiments).

RS, n, RP2 1 relaxation rates of degenerate transitions in $3CHa)-
labeled samples have been measured with the sequences of Figure 4a,b,
respectively. Acquisition times of 47 (64) and 64 (64) ms in
t1 (t) have been used in studies ¢fJ-[**N,2H], lled1-[*3CHj],
Leu,Val-[**CHs,'?CD3]} -MSG and{ U-[**N,?H], lled1-[**CHj], Leu,Val-
[13CHs,?CD3]} -protein L, respectivelyR, 4 (RS, 1) rates were recorded
with parametrically varied delays (Figure 4a,b) of 0.7, 1, 1.5, 2, 2.5,
3,4, and 5 (0.7, 5, 10, 15, 20, 25, 30, and 40) ms{fdr[**N,?H],
lleo1-[**CHg], Leu,Val-["*CH;,**CDs]}-MSG, and with 1.1, 5, 10, 15,
20, 25, 30, and 35 (1.1, 25, 50, 75, 100, and 150) m¢g bf*5N,2H],
1led1-[*3CHg], Leu,Val-[**CH;,'?CDs]} -protein L.R% /RS, ;4 rates were
obtained by fitting peak intensities to monoexponential decay functions,
as in studies involving®CH,D methyls.

All NMR spectra were processed using the NMRPipe/NMRDraw
suite of programs and associated softwir&rrors in the fitted
relaxation rates were estimated by a Monte Carlo andfysising
random noise in the spectra as an estimate of experimental uncertainties
in peak intensities. Average errors of 1.1 (0.6), 2.1 (1.6), and 3.1 (1.0)%
have been obtained fd®, 4 (RS 1) rates in protein L{U-[*5N,2H],
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lled1-[**CH,D]}-MSG, and {U-[**N,2H], lled1-[*°CHg], Leu,Val- (a) 1B13)
[13CH;,12CD5]}-MSG, respectively. - W13

Rotational Diffusion of Protein L and MSG. The molecular R/, i
tumbling correlation times of protein L (at®) and MSG (at 37C), ' 1}{\
D20, were estimated as described in detail previdfsising the relation NER L4
7cei(D20) = ¢ ei(H20)Di,0/D'p,0, Wheretc ei(H20) is derived from
backbone amid®N relaxation data anB; is the translational diffusion RS
constant in solvenit= D,O or H,O. Although the diffusion tensor for -
protein L is not isotropic @,/Dy = 1.5, whereD;; and D are the 1B i"e' H _‘4 F__{
components of the molecular diffusion tensor), we have previously — %
found that, when the orientation of methyls is taken into account, the
distribution ofzc values is small (deviation of 8% from the isotropic
value at the extreme case). Previous analyses, therefore, assumed ar
isotropic model for tumbling?° and we have done so here (10.2 ns
in D;O at 5°C).

Following our previous work on MS®&, an axially symmetric
diffusion tensor withD,/Dg = 1.21 and with polar angleg= 13° and
¢ = 48°, describing the orientation of the unique diffusion axis relative b
to the molecular inertia coordinate frame, has been used in the analysis ( )
of the relaxation data reported here. Values®fis = (2D; + 4Dp)~*
of 56.0 and 41.4 ns were obtained fdy-[**N,2H], lled1-[*3CH,D]}-
MSG and{ U-[**N,2H], lled1-[**CHz], Leu,Val-[**CHs,*2CDs]} -labeled
MSG, respectively, that reflect the difference in protein concentrations
of the samples and the known solvent viscosity dependence on protein i RS iR in
concentratio® Throughout this work we used the following expression = » = h

for 74 12) 153 17 _.,.4 F-.

TH (ppm)

[1)= o)
[2)=(aB)+|Ba /2
[3)=|pp)

3 i R, -
c= ) AT 1) 'H (ppm)

= |1}
whereA; = (3/4) sirf(a), A, = 3 siri(a) cog(a), As = [(3/2) cod(a) {=32 1= 12 I=12
— 05]2, 1= (4DH + ZDD)_l, Tp = (DH + 5DD)_1, andzz = (GDD)_I;
o is the angle between the methyl three-fold axis (located along the 1= | o) [5)= (oap) -] afo)/y2
Crt—C*bond in lle, along the C-C?/C’—C*2 bonds in Leu, and along 129 = (o) +] ofod + | Boead)/V3 163 = (BB ) —| Bod/v2
the @—C%/CF—Cr2 bonds in Val) and the unique principal axis of the 13) = 0BPop+| BBy + | afBIN3 |7 )= (| eap) +| afad — 2] Poak)/N6
diffusion tensor. Direction cosines for the appropriate three-fold axes 14 = | BBBY |8 )= (2| afp) — IPBc) — | PP/ 6

were obtained from the X-ray coordinates of MS@®DB access code - -
1d8c. A value oftc = tcerr Was used for those methyls that are not Figure 1. Energy level diagrams for (a) the= 1 manifold of an AX

stereospecifically assigned or whose coordinates are not available inSPin system, approximating a rapidly rotatitigH.D methyl group where
the X-r:y structL)llre g the 2H spin is “silent”, and (b) the Xspin system of alfC)Hsz methyl

group. Slow (fast)-relaxingH transitions are labeleBS; y (R7,1) in both
spin systems and are shown with red (blue) arrows, and slow (fast)-relaxing
13C transitions in (a) are indicated by solid (dashed) black arrows. A product

() Measurement of S%,is Values from H Relaxation in basis representation of each eigenfunction is used irfj(&L) wherej =

1 . : : : {a,B} is thel3C spin state anét = {1,2,3 is the wave function for a pair
°CH2D Methyl Groups. Theoretical Considerations.Figure of magnetically equivalertH spins. One-dimensionaH spectra obtained

la shows the energy level diagram for an isolated, rapidly after a single-pulse excitation NMR experiment are shown on the right-
rotating 13CH,D methyl group, neglecting contributions from  hand side of each diagram, recorded without (a) and witffylecoupling

the deuteron; only the triplet manifolti € 1) is shown, which for $3CH,D and*3CHz methyl groups. Note that the doublet components in

contains all O,f théH transitions that give rise to rotoh signals (a) are manipulated to produce spectra where each correlation ultimately is
: 9 p 9 * given by a singlet%-36

Each of the energy states is denoted by the product Hagig

where [kand |IDare *3C and*H eigenstates, respectively. In i turn comprised of contributions from fast and slowly relaxing
the case where the isolated methyl is attached to a proteinyansitions. It can be shown that in the macromolecular limit

tumbling in the macromolecular limit, such thatzc > 1, described above and assuming very rapid rotation about the
wherewy is the H Larmor frequency, it can be shown that methy! three-fold axig?

each of the'H single-quantum transitions (denoted by vertical
lines) relaxes in a single-exponential manner with either fast R
(RF,,1, transitions shown in blue) or slovk$, 1, red) rates. Thus,

Results and Discussion

2H RSZ,H ~

in the absence dfC decoupling and neglecting the very small S% SR
- ) - p g g 1 g Yy ! §P (COS@ _ )P (COS@ . ) aX|sVCVH C (2)
scalar coupling involving the deuteron, ' spectrum will 5 2 axisHH/T 2 axisCH 33
CH "HH

consist of a “pair” of components separated by the one-bond

1H—13C scalar coupling consta , with each component . . . . .
Ping Mk P whereyy is the gyromagnetic ratio of spiq ry is the distance

(39) Skrynnikov, N. R.; Millet, O.; Kay, L. EJ. Am. Chem. SoQ002 124, between spin& andl, ¢ is the rotational correlation time (see
6443-6460. eq 1),Suisis the generalized order parameter of the methyl three-

(40) Tugarinov, V.; Kay, L. EJ. Biomol. NMR2004 29, 369-376. . X
(41) Weessner, D. EJ. Chem. Phys1962 37, 647—654. fold axis, Po(X) = (1/2)(3x? — 1), andfaxispa is the angle between

J. AM. CHEM. SOC. = VOL. 128, NO. 22, 2006 7301



ARTICLES

Tugarinov and Kay

the methyl symmetry axis and vectarthat connects a pair of
spins. In what follows faxis i = 90°, Oaxis.cn = 110.£, and
rcw = 1.117 A have been usé84? along with ryy =
V3rcrsingd = 1.813 A that is in reasonable agreement with
the value of 1.80% 0.012 A reported for CHl based orfH—
1H andH—13C dipolar coupling ratios!Dyn/*Dcn.*3

Equation 2 is derived on the basis of infinitely fast methyl
rotation. In addition, all spectral density terms evaluated at
> 0 have been ignored. Numerical simulations based on full
expressions foRf, 4 — RS 4 (see Supporting Information)

establish that, for the average set of motional parameters that

is appropriate for 1161 methyl groups of MSGi¢ ~ 50 ns, 37

°C; Saxis = 0.6; 71 = 20 ps), errors associated with the use of
eq 2 are less than 0.3%. Errors do increas&as decreases
and for higher values ofs; however, they remain small for
applications involving MSG €2%), even forSays = 0.1 and

7 = 20 ps, with errors increasing to 4.5% for extreme cases
whereS s = 0.1, s = 50 ps. For smaller molecules, such as
protein L ¢c = 10 ns at 5°C), and forS,s = 0.5 andrs = 20

ps, errors are calculated to be close to 2% and to increase to

approximately 5, 10, and 25% foE%xis = 0.5, 71 = 50 ps),
(Szaxis =011 =20 ps), and $2axis = 0.1, s = 50 ps),
respectively. It is clear that, for applications involving relatively
small proteins and for methyl-containing side chains with large

motions, there can be considerable error in extracted values of

Faxis Using eq 2. Nevertheless, for the majority of methyl-
containing residues in proteins witlk > 10 ns, and especially
for much larger systems, systematic errordhiderived s
values are more sensitive to possible variations in local methyl
geometry than to the approximate nature of eq 2. For example,
althoughRF, 1 — RS is insensitive to small deviations in
Oaxis, i (~1—2°), it is more sensitive to changesfigis cn Where

a 1° change corresponds to a 5% deviation in the difference.
Fortunately, values oPg(coseaxis,u)/réH are well known, at
least on average, from dipolar coupling-based studies of weakly
aligned proteing>42 A discussion of the effects of variability

of methyl geometry on the extracted valuesSbfis has appeared
previously**

An additional approximation in eq 2 is that it is derived for
the limiting case of an isolated methyl group, where relaxation
contributions from external protons are by definition zero. As
discussed in the Introduction, relaxation contributions to indi-
vidual transitions from external protons can be non-negligible.
For example, for dynamics parametersref= 56 ns,Faxis =
0.6, andr; = 20 ps (corresponding to average values for lle
residues in thé3CH,D methyl-labeled MSG sample), external
protons contribute only approximately 0.3 (2)% to & 4
(RS, 1) rates whenrer = (Fext(1/ ) Y6 = 5.5 A (where
I'hHext iS the distance between the methyl protons of'i@H,D
group and a proton external to the methyl of interest). However,
external protons contribute 4 (20) and 30 (70)% wirein
decreases to 3.5 and 2.4 A, respectively. In the casflef
[*5N,2H], lle1-[*3CH,D]} -labeled MSG considered here, where
the averagees value is 5.5 A, external protons make small
contributions even to the relaxation of the individual transitions,
in general, but for 1161, Leu,Val-3CH,D]-labeled samples the

(42) Ottiger, M.; Bax, A.J. Am. Chem. S0d.999 121, 4690-4695.

(43) Wooten, J. B.; Savitsky, G. B.; Jacobus, J.; Beyerlein, A. L.; Emsley, J.
W. J. Chem. Phys1979 70, 438-442.

(44) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young, P. E.;
Bax, A.; Torchia, D. A.Biochemistry1992 31, 5253-5263.
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situation will be quite different. By contrast, by taking the
differenceRY 4 — RS, contributions to'H relaxation from
dipolar interactions with external spins are subtracted to first
order, as well as possible contributions due to chemical
exchange.

The contribution to the decay of slow and fast-relaxiy
coherences i*CH,D methyl groups from external proton spins
can be evaluated using the formalism of Abragam, describing
the evolution of the density matrix due to spin relaxatibie

obtain

dfla| _ 7 2|k

diffLo] Kin[—2 7 L,
where L; and L, are the intensities of the time-dependent
transverse magnetization components that derive from the
elements |fO200B| (3] + |ad10a|2| and |SOLOB|2| +
|2 (3], respectively (see Figure 1a). In eq B =
Y ext(1/20)h2 144 T/rPyer), With all symbols defined as above.
Here, the order parameter for each mettgkternal spin
interaction is assumed to be equal to 1, so that an upper estimate
of the contributions from external spins is obtained. It is clear
from eq 3 that cross-relaxation leads to a coupling of the “slow”
and “fast” components of the signal. However, simulations that
assume thakyy can be approximated by considering only a
single proton with an effective external protemethyl distance,
(Sext1r8yi0)) Y8 = 2 A, show that for{lled1-[*3CH,D]}-
labeled MSG the errors iRF, 4y — RS,y are below 2% and are
effectively zero beyond a distance of3 A. In the case of
{1led1-[*3CH,D]}- and {lled1-[*3CH,D], Val,Leu-[*3CH,D,
13CH,D]}-labeled MSG, where average distances of 5.9 and 2.9
A (minimum distances of 2.5 and 1.9 A) are calculated, these
effects can be safely neglected.

The above discussion makes it clear that, in order to measure
accurate values oy it is first necessary to separate lines
derived from fast and slowly relaxing transitions so that their
relaxation rates can be determined independently. In what
follows below, such a scheme is presented.

Separation of “Slow’ and “Fast” RelaxingH Transitions
in 13CH,D Methyl Groups. Figure 2a shows the pulse scheme
that has been derived for the measuremeriR%fy and R, 4
relaxation rates int3CH,D methyl groups in proteins. The
sequence follows directly from BCH,D-TROSY experiment
developed earlier foPH relaxation measurements in high-
molecular-weight protei8 and from a relaxation-optimized
scheme that has been employed to mea'dyf€C correlations
in 13CH,D methyls3® The interested reader is referred to the
literature for a detailed description of the mechanics of the
experiment; here, only that portion of the sequence that is unique
to the present work is described in any detail.

Our goal in what follows is to derive an expression for the
magnetization at the start of tigacquisition periodM(t;=0;
t,=0), that will clarify how relaxation rates of individual
coherences can be extracted. Briefly, the elements between
pointsa andb in Figure 2a ensure that only the slowly relaxing
13C transition Cy siow = Cy|2[12|, whereCy is thek component
of C magnetization; solid horizontal line of Figure 1a) evolves
during the t; period, to produce terms of the form
Cy|22|cos Qc t;) — Cx|2(I2|sin (Rc ty) at pointc. In what
follows, consider first the case whepgé = ¢6 = —x and where
the dashed3C 18C pulse at the end of the scheme is omitted.

®3)



Amplitudes of Motion of Methyl-Containing Side Chains

ARTICLES

(@

}
TN EN

¥ =X
0 1
H ITIIT]IT!ITEIThITh .’_..I..‘r_,.
ol y | 2 03 o4 v o5 00
el el el——— 1 LI LE0 |
a b [ d I
H WALTZ-16x
Go
Grad 'HTEEN ' i
Gl G2 G G MGG G GY Lil(!
(b) 10 RS (c) 1.0 RF
2.H 2H
= rad
5 08 = 08
s =
2 2
= =
= 06 1200 51 = 06
=) -3
W L
= 04 = 04 S
= 0 = 1200 &1
E =
(=] 0.2 '6 02
=z s - .2
0 0

25 || 130
Relaxation Delay (ms)

Figure 2. (a) TROSY-based pulse scheme for the measuremeRenf and
proteins. All narrow (wide) rectangular pulses are applied with flip angles

carrier frequencies are positioned in the center of th&llimethyl region at 1, 1,

10

Relaxation Delay (ms)

RF21 H relaxation rates if3CH,D methyl groups of highly deuterated
of 90 {&86hg thex-axis unless indicated otherwise. THe, 2H, and13C
and 12 ppm, respectively.*land*3C pulses are applied with the highest

possible power, while a 1.7 kHz field is used fbt pulses and 0.7 kHz foiH decoupling. Delays are as follows, = 1.8 ms;z, = 1 ms; 23 = 1.33 ms;
21, = 1.57 ms;T is a variable relaxation delay. The durations and strengths af-¢hadients in units of ms and G/cm, respectively, are as follow:=G1
1,7.5; G2= 0.5, 10; G3= 1, —8; G4= 0.1, 2; G5= 0.5, 12; G6= 0.3, 12; G7= 0.3, —5; G8= 0.25, 30; and G%= 0.125, 30). The phase cycle is as

follows: ¢1 = x,—X; ¢2 = 2(X),2(—X); ¢3 = 4(y),4(—Y); ¢4 = X; ¢5 = —X; $p6 =

—X (RS, 1) or X (RF2,n); rec.= x,—x,—x,X. The 180 13C pulse, shown with

a dashed line, is included only whé&f,  is measured. Quadrature detectiorFinis achieved via a gradient-enhanced sensitivity schértfayhere for

eacht; value a pair of spectra are recorded wjth = x,G9 and¢p4 = —x,—G9.

Splittings in the'H dimension resulting from the one-bofid—13C scalar

coupling are removed by recording a pair of data sets withgi}= —x, $6 = —x(x) for RS, 4 (RF,,1) measurements and (5,46 simultaneously inverted,
and by a postacquisition processing procedure described in detail predfoilmsly involves taking appropriate linear combinations of the data (see, for
example, Figure 3 of ref 20). (b,c) Exponential decay curves that quaify (b) andR", 4 (c) for lle12 and 1e200 of U-[15N,2H], lled1-[*3CH,D]}-MSG

(37 °C), after processing as described in the text.

For simplicity, the effects of coherence transfer gradients G8

In this caseMy(t;=0; t,=0) = exp(—RS; yT){ APy siow COS()

and G9 are not included in the discussion. The element between— 1Py gjow SiN(@) + 1Px siow C0SO) + APy siow SIN(@)} . Addition

d and e transforms magnetization from the slowly relaxit@)
components to the slowly relaxind lines?%:36:47 Cy gow —
2CzHv siow, Cx slow — 2CzHx slow. Each of the term€; siow and
2CzHjslow ] = X, Y, can be defined in terms of individual
transitions® but this is not necessary presently. We consider
here the fate of @zHy siow, Which corresponds to the relevant
term att; = 0, noting that a similar transfer pathway pertains
to 2CzHx siow. During the subsequent delay ofp2= 1/(4*Jnc),
2CzHy siow €VOlves to 11(/2{ 2CzHy slow — Hxslon} = APy siow

IPx siows With APy siow \/ZCZHY,SIOW and IPxsiow =
1/5/2Hx sion. Subsequently, during the following relaxation
delay of durationT, APy gow — IPxsiow €Volves so that the
magnetization at the start ¢f is given byM;(t;=0; t,=0) =
exp(—RS; yT){ APy siow COSE) IPx siow SIN()
IPx stlow COSE) — APy giow SiN(®)}, with = 71J4cT, and where
relaxation during other intervals of the pulse scheme is ignored.
A second experiment is recorded with = ¢6 = x, and again
with the dashed®C 180 pulse at the end of the scheme omitted.

(45) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d.992 114, 10663~
10665

(46) Schleucher, J.; Sattler, M.; Griesinger, &hgew. Chem., Int. Ed. Engl.
1993 32, 1489-1491.

(47) Madi, Z. L.; Brutscher, B.; Schte-Hebriggen, T.; Bilschweiler, R.; Ernst,
R. R.Chem. Phys. Lettl997 268 300-305.

(subtraction) of the pair of data sets derived fridp and M,
gives new data matrices, withMagdt1=0; t,=0) =
2exp(- RSZ,HT){ APy siow COSEO) IPx siow SIN0)} and
Msubtracfti=0; t;=0) = 2 exp(_RSZ,HT){ IPx siow COSE) +

APy 50w SiN(O)} . Values ofT that are multiples of 1/@yc) are
chosen so that for even multiplés= ztk, wherek is an integer
(i.e., T =0, 1My, 2Myc, ...), and the addition/subtraction
spectra have the form —(1)kexp(—RSnT)APysow and
(—1)¢ exp(=R3% 1T)IPx siow respectively. These data sets can be
subsequently manipulated exactly as described in detail previ-
ously?°36to produce spectra with pure absorption line shapes,
with only a single peak for each correlation. Each second data
set is multiplied by—1 (i.e., T = 1Ac, 3, ...) so that
intensities in all spectra are positive; thus, each correlation
decays with a time dependence given by ex@b HT). In a
similar manner, when an odd multiple of 1Jgc) is
chosen so that = (2k + 1)7/2, the addition/subtraction
spectra have the form —(—1)exp(—RS HT)IPx siow

and 1)k exp(—R3 HT)APy siow, respectively. These spectra can
be suitably manipulated to produce data sets with absorptive
lines that decay as expRSuT), as well. Finally, data from
both even and odd multiples of 1XRc) are combined, as in
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1 the absence of significant systematic erroréHrderived order
L (@) R=0.985 parameters, as expected from simulations (see above).
03— The experiment of Figure 2a is on average a factor of 2 more
a - ‘p sensitive than the corresponditig H,D-TROSY-based scheme
§ 0.6 [~ that measures the relaxation of deuterium transverse magnetiza-
g L tion 20 This value is in good agreement with the estimated losses
T 04 that are associated with magnetization transfer steps to and from
Nf L 2H nuclei in the pulse schemes i relaxation measurements.
02— (1) Measurement of S Values from 'H Relaxation in
- y=0.03(0.02) + 0.95(0.03)x 13CH; Methyl Groups. Theoretical Considerations. The
okl 1 o 1 o 1 o 1 energy level diagram for an isolated, rapidly rotating methyl
0 02 04 05 08 1 group (3C]H3) is shown in Figure 1b, where for simplicity
S2axis (CH2D; Ry~ Rs ) the 13C spin state is neglected, since the focus here is on
1 relaxation of'H single-quantum coherences. As described in
i (b) R =0.980 detail previously*® in the limit of a rapidly rotating isolated
08 methyl group attached to a macromolecule, each of the proton
| + $ single-quantum transitions (denoted by vertical arrows in Figure
- 1b) relaxes exponentially. It is straightforward to show that,
% 06— 4 under these conditions, the relaxation of a pair of transitions
‘g’ i ° occurs rapidly, with a ratB, 14, while the remaining lines relax
5 %4 slowly with a rateRS, ;;, and that
02 4 32
J ¥ 2003008+ 03800 x RFz,H - RSZ,H ~ g[ P,(C0S0 ayish)] ZM (4)
0 1 | 1 | 1 | 1 | 1 I’HH
0 02 04 06 08 1
Saxis (CH,D; Ry~ Ry where all symbols are as defined above.
Figure 3. Linear correlation plots of (aR(D+,"3CH.D)-derived Say?® More complex equations that are valid in general can be

and (b)R(*:3CHD,)-derivedSi° of lle residues of MSGy-axis) vsSaxis . - . - .
values obtained in this work froi,,; — RS, s measured o*CH,D methyl derived and are provided in the Supporting Information.

groups of MSG %-axis). See text for the methyl geometry parameters used Simulations that include the complete expressions for the
to obtain *H relaxation-derived.xs values. Pearson linear correlation  relaxation of protons in an isolaté@CHs group, using typical

coefficients R) are indicated at the top of each plot, along with the equation ; ; _[15N\ 2 It
for the best-fit line at the bottom. The correlatigr= x is drawn in solid dynamics parameters obtained fuU-[*N.’H], lle-[**CHl,

black. Leu,Val-[F3CH3,'3CD3]} -labeled MSG {c = 42 ns;Faxis = 0.6;

71 = 50 ps), show that the errors obtained when using eq 4 are
Figure 2b, and subsequently fit to extr&&% . In a manner ~ small (on the order of 0.2%) and remain low (0.5%) even for
similar to that described above, values % are obtained  (Saxis = 0.1;7r = 50 ps). In the case of protein zd = 10.2
(Figure 2c¢) by recording spectra where phageis inverted ns; Saxis = 0.5; 7t = 50 ps), errors are on the order of 1% and
and the final3C 180 pulse (dashed) is included. Inversion of increase to 2.5% foEais = 0.2, the lowest value observed
¢6 ensures that only the fast decaying signal is monitored duringamong lle¢1), Leu, and Val methyls in this protein.

T, while insertion of the 180carbon pulse converts fast to As in the case of studies of dynamics involvid#CH,D
slowly relaxing magnetization for detection during It is groups discussed above, contributions from external protons
noteworthy that absorptive line shapesHnare obtained only  remain a potential concern in applications involvitg spin

in the case wher& = k/(2'Juc); for lled1 groups studied here,  (gjaxation in13CH; groups. The evolution of slow and fast-
Jcw values are very homogeneous (125:D.4 Hz in*3CHD relaxing*H coherences if*CHz methyl groups due to interac-

isotopomer®), and no dispersive components were observed ons with external protons can be modeled by
in the experiments.

Experimental Verification. Figure 2b,c shows magnetization L 9 0 0 0 L—L
decay curves for llel2 and 1le200, measured in a highly Ll 3 0 9 4 2/ Ll 8
deuterated{ U-[5N 2H], Iled1-[1*CH,D]}-MSG sample. Aver- 3|2 _— 2
ageR p and RS, rates of 141+ 65 and 384+ 15 s were dtf Ly + L 0 —4 9 —2v2|[LitLs

Ly 02v/2 -2v2 7 |[L,

obtained, based on the quantification of 36 resid8&g;svalues
obtained from experimentally derived differend@ 4 — RS , (5)

were calculated using eq 2, along with methyl geometry

parameters specified above. These were subsequently comparegihere the variablek; are the intensities of the time-dependent
with Sayis values obtained from our previodsi relaxation transverse magnetization components associated with the transi-
studies® where eithet*CH,D or **CHD; probes of motion were  tjons listed in Figure 1b,

used (Figure 3a,b). It is readily apparent t&&ks values are

highly _Correlated in t_)Oth cases, _W?th the Correlaﬂon well (48) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, LJEAmM. Chem.
approximated by the ling = x, providing good evidence for S0c.2003 125 10426-10428.
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L= Ly= 5 H (BB BAM — ool o)

i=]=k
= V/3(]33| — |102])
Li+Le= y HBBEBAN + o o)
i=]=k
= /3(|3[3| + |1012|)
L= Y H(apB@pl™ + |paiBot)
i=]=Zk

= (2|2(I3| + |506| + |7[18|)

(6)

> iHJ(IaﬂEikuﬁaP“ + |BolF oY)

L d
iZ]Zk 2

= V/2(|213| — |5M08| — |7(18))

Ly

Equation 6 is derived following the approach detailed by
Abragam?* Here, Hy = Hy + iHy (or alternativelyH, =
|adB|), with indicesi, j, k=1, 2, 3 { # ] = K) distinguishing
the three'H spins, andkay (eq 5) is defined in eq 3 above.
Simulations can be performed that take into account the initial
conditions of magnetization at the start of the relaxation period.
As we describe in the next sectioR;,4 — RS, values have
been obtained using two different experiments to mealurg,

the main distinction arising from the difference in the initial
magnetization conditions at the start of the relaxation period of
durationT. Measurement of relaxation rates with both schemes
provides an opportunity to establish the robustness of the
methodology and to evaluate the effects of initial conditions
on the extracted rate constants. In the first scheme, denoted by
R(L; + L), slowly relaxing t1H—13C double/zero quantum
coherences are evolved duriigas in the experiment of Figure
4a. ThelH 90° pulse at pointa converts a fraction of these
slowly relaxing coherences to rapidly relaxing ones, and these
rapidly relaxing elements are selected by the interval between
pointsa andb (2t = 1/(4'Juc)). Thus, immediately after the
13C 90 pulse of phasep5, the coherences of interest are
Cx[|12] + |20| — |34| — |43|], which subsequently evolve

to Cy[|102| + |201| + |34| + |403|] during the second
element of duration &, between point® andc. Application

of the 13C 90° ¢6 pulse convertdH—C multiple-quantum
coherence téH single-quantum magnetization (the sum of the
transitions indicated in blue in Figure 1b), which relaxes with
a time constanR", 4 during the delayT, with cross-correlated
spin relaxation interactions refocused by the centrhl18C°
pulse tH—13C dipolar*H—1H dipolar,"H—H dipolarfH CSA)

or by thel3C 180 pulses {H—13C dipolar*H—1H dipolar,'H—

13C dipolartH CSA). ThelH 90° pulse that follows converts a
portion of the fast-decayintH magnetization to slowly relaxing

and in both cases simulations based on eqgs 5 and 6 predict error§ignal that significantly improves spectral resolutiontinas

in R, — RS, 4 on the order of 2% or less fFex(1/r8q,) 6

> 2.5 A. In this regard, it is of interest to note that average
values of ¥ ex(1/r ) ¢ calculated from the X-ray coordi-
nates of {U-[®N,2H], Iled1-[*3CHz], Leu,Val-[*3CHs,
12CD;)} -labeled samples of protein®t.and MSG! dissolved

in DO are 3.5 A, with the shortest values for protein L and
MSG being 2.6 and 2.0 A, respectively. Thus, errorshh
derived s values {CHz methyls) from spin-flips are

expected to be below contributions from noise for most residues

in highly deuterated proteins (see below).

Pulse Schemes for Measurement oRS, 4y and R4 in
13CH3; Methyl Groups. Figure 4a shows the pulse scheme that
has been used to measiR® 4 in 1°C-labeled methyl groups.
The pulse sequence is essentially an HMQC expeririféfit,
with an element that selects for slowly relaxitié—2C double/
zero quantum transitiofsduring the interval between poinds
andb, where 2, = 1/(4Juc). These slowly relaxing coherences
are subsequently converted exclusively to slowly relaxing proton
lines (red vertical arrows in Figure 1b) by the application of
the 13C 9C° pulse of phas@3, as has been described in detail
previously33 Thus, at the start of th€ period,L; — Ls=L; +
L3=Ls=0,L,= 0 (see egs 5 and 6). Subsequently, the slowly
relaxing proton magnetization is allowed to decay for duration
T, with TH—13C dipolar*H CSA cross-correlated spin relaxation
contributions eliminated by th&C 180 pulses applied during
the course of theT period. As in standard heteronuclear
relaxation experiments, a series of two-dimensio&l-13C
correlation maps are recorded, aR% 4 is quantified from the
exponential decay of magnetization.

The pulse schemes used for the measuremeiR™of are
shown in Figure 4b. The two sequences are very similar, with

(49) Mueller, L.J. Am. Chem. S0d.979 101, 4481-4484.
(50) Bax, A.; Griffey, R. H.; Hawkings, B. LJ. Magn. Resornl983 55, 301—
315.

well as the sensitivity of the resultant data set. In the second
scheme, the relaxation dH single-quantum magnetization
corresponding to the difference of the transitions indicated in
blue in Figure 1b occurs during, with the element betweeth
ande converting magnetization to in-phase for detection during
to. Detailed calculations show that in the macromolecular limit
and neglecting contributions to relaxation from extetibspins,
rates measured via either scheme should be identical.

There are differences in the two schemes for meas@&ipg,
however, that derive from changes in the initial conditions of
magnetization at the start of the relaxation peribdn the case
of scheme 1 (denoted WYL, + L3) in Figure 4),L; — L3 =L,
=L4=0,L; + L3 = 0, and according to the relaxation model
of eq 5 the contributions from external protons can lead to
nonexponential relaxation; however, because only one mode is
populated initially, nonexponential effects are small. In the case
of scheme ZR(Ll - L3)), L1 — Ls3=Z0,Li+Lls3=Ly=Ls=
0, and external protons simply elevate the decay, which remains
single exponential. It is noteworthy that the decays of modes
{Lo} and{L; + L3} are coupled, and that analogous equations
describe their decay, while the decays{bt} and{Li — Lz}
are not coupled, eq 5. Qualitatively we might expect, therefore,
that the contributions from external spins might “subtract out”
better in experiments that measi®e 4 — RS, 4 values on the
basis of the decay ofL,} and{L; + Lg} than if the decay
rates of{ Ly} and{L; — L3} are measured. This is observed in
computations for very short dis'[anc@.a{t(l/rf’mex,))*1’6 =2.0
A, where errors on the order of 2 and 15% are calculated for
R, — RS,y values based oR™,  rates obtained from the
decay of{L; + L3} and{L; — Lg}, respectively. It must be
emphasized that the calculations were performed assuming that
the order parameter for the external protonethyl interaction
is 1, and thus the errors estimated are very much upper bounds.
Although scheme 1, which measures the decajlaf+ L3},
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Figure 4. Pulse schemes for the measurement oRf); and (b)RF, 4 relaxation rates iA3CH; methyl groups. Two sequences are illustrated for measuring
RF, 1 rates that differ in the initial magnetization conditions at the start offtperiod, as described in the text. Many of the details of the implementation
are as described in the legend to Figuré32 WALTZ-16 decouplin§! is achieved using a 2-kHz field. Delays are as follows:= 1.8 ms;7, = 1 ms;

T is a variable relaxation delay. The durations and strengttmsgoadients in units of ms and G/cm are as follow: in scheme (a)=G1 30; G2= 0.5,

10; G3=0.3,—20; and G4= 0.075,—30; in scheme (b) fok; + L3, G1= 1, 30; G2= 0.5, 10; G3= 0.3, —20; G4= 0.4, 12; G5= 0.25, 5; G6= 0.05,

—9; G7=0.5,—7; and in scheme (b) fdr; — L3, G1= 1, 30; G2= 0.5, 10; G3= 0.3,—20; G4= 0.4, 12; G5= 0.05,—9; G6=0.25, 5; G7=0.5,—7.

The phase cycle is as follows: for scheme ¢),= x,—x; $2 = 2(y),2(—Y); $3 = x; rec.= x,—X; and for both schemes (1 = x,—x; ¢p2 = 2(y),2(-y);

¢3 = 4(y),4(—Y); ¢4 = 8(Y),8(—Y); ¢5 =y; 6 = X; rec. = 4(X,—X),4(—x,X). Quadrature detection iR is achieved by STATES incrementatférof ¢3
(scheme a) and a$3, ¢4 (scheme bl; + Lz or Ly — L3).

is thus preferred (with errors less than 2% for any calculated AverageR™ 4 (RS, ) rates of 544 17 (8 & 2) and 211+ 82

ret difference), experimentally we have observed little difference (26 & 9) s™! were obtained for the two samples listed above
in the quality of the extracted dynamics parameters from either (& refers to one standard deviation). The large differences in
approach, as described in the subsequent section. Finally, werates, as expected, provides a measure of confidenc&that
wish to emphasize that the initial magnetization conditions are — RS, 4 can be quantified with small errors and that accurate
important to consider in the experimental design. In all of the values ofSays can be extracted. Figure 5a,b illustrates decay
schemes described here, only the magnetization mode whoseurves for a pair of correlations from Leu 128} and Val
relaxation is to be measured is populatedTat= 0. This 535¢/2) in { U-[**N,2H], lled1-[3CHjg], Leu,Val-['3CHz,°CDs]} -
minimizes nonexponential relaxation behavior that, at least in MSG, along with single-exponential fits of the data, from which
some cases, would certainly exist and leads to far better 'H relaxation rates were obtained. The corresponding decay

subtraction of contributions from external proton spins. curves for a pair of cross-peaks from protein L (llebB and
Experimental Verification. The pulse schemes of Figure 4 Leu3862) are shown in the insets.

have been applied to a pair of proteins includ{rdr[°N,2H], Figure 5e-f shows linear correlation plots 8f-derivedSayis

lled1-[*3CHjg], Leu,Val-[*3CHjz,2CDs]} -protein L (5°C) and{ U- (y-axis) vs Saxis Obtained fromRF, 4 — RS, using eq 4 X-

[**N,2H], lled1-[*3CHg],Leu, Val-[*3CH3,'2CD3]}-MSG (37°C). axis) for{ U-[1°N,2H], lled1-[*3CHg], Leu,Val-[**CHs,2CD]}-
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interactions as a probe of motidh Specifically, in studies of
protein L at 5°C (z¢ = 10 ns), 15°C (tc = 6.7 ns), 25°C (zc

= 5.0 ns), and 35C (z¢c = 3.3 ns), the pairwise root-mean-
square deviation betweef%ys values obtained from the
approach described here aftétbased methods increases from
0.03 to 0.06 to 0.09 to 0.22, respectively. Certainly, (a small)

L128 51
V53sy2

Normalized Intensity
o =] o
O R oo

(@) Rz‘:,, Msc|| @) Rf,, MSG part of the difference reflects the fact that, for lower values of
1o 20 30 a0 50 10 20 30 40 7c, additional terms must be included in eq 4. However, the
Relaxation Delay (ms) Relaxation Delay (ms) deviations are larger than expected from theory. We also note
1 in passing that errors ifayis values are also obtained from the
- (¢) R-09921) - (d) r-0991(12 quantification of experiments measuring the buildup of double-
“r ; i quantum coherence that results from differentilrelaxation
06k B effects?®2° and that depends on a function of the form

L i exp(—Rn T) — exp(—RS4T). In fact, it is only whenR™, y,
04~ B RS, 1 values are measured in separate experiments (i.e., via single
I i exponential decays) that agreement viithbased measures of

—_ 02 - - . . .
& I pp—— [P dynar_nl_cs are thalr_]ed. We are currently exploring these
o PR I TP (P I remaining questions in more detail.

2 0 02 04 06 08 10 02 04 06 08 1 ) o . :

o8 As a final point, it is of interest to compare the relative
21 (e) r=09710131) [ ) r=09590109 sensitivities of the schemes of Figure 4 with the sensitivity of
os |- = a regular HMQC sequence that is used to obtain metHyl
i - 13C correlations in highly deuterated proteffisin HMQC

06 [ [ spectra recorded on large systems, the coherence pathway that
04 |- 5 transfers fast-relaxinH magnetization to fast-relaxing multiple-
ol i qguantum coherence and back to rapidly decaying proton signal
[ y=0.060.01) + 091003 x | | ¥=0.03(0.02) + 0.96(0.03) x contributes little to the final data set, so that essentially what is
0 0'2 " 0'4 1 0'6 1 ola 1 i o~ 0'1 " 0'4 . 0'6 . 0I8 . : observed derives from the slowly relaxing pathway. The scheme
s T of Figure 4a is based on an HMQC that includes a filter element
S%mis (CHz; Ry y=R3 ) to specifically select for the slowly decaying component. Thus,
Figure 5. (a,b) Exponential decay curves quantifyiRt (a) andRS 4 the signal-to-noise ratio of correlations in spectra recorded with
(b) for Val 535¢2) and Leu 128{1) of {U-[%5N,2H], lled1-[*3CHg], the sequence of Figure 4& €& 0) approaches that of regular
Leu,Val-['*CH, 1*CDg]} -labeled MSG and lle 58(), Leu 3862) of {U- HMQC spectra for applications involving high-molecular-weight
[*5N,2H], lled1-[*3CHg], Leu,Val-[*3CHs,13CDs]} -labeled protein L (insets). tQ plt b F;p that for st dg 9 £l tei 9 d
(c,d) Linear correlation plots ofH-derived Saxis values of llef1), Leu, pro elns. can e_s OW”_ ai, for studies or large proteins an
and Val methyl groups in proteindt.vs Sayis values calculated frorR, neglecting relaxation during the,r, delays, the scheme of

— RS, measured fromt3CH; methyl groups ¥-axis) with Rz obtained Figure 4b is reduced in sensitivity by a factor of 4 relative to

via scheme 1 (cl.1 + Ls) or scheme 2 (di.; — Ls) of Figure 4b. (e,f) As : ; ;
in (c.d) but measured on MSG¥aq?H) was derived fromR(SCHD) the experiment of Figure 4a. In practice, however, the losses

measurement$. See text for the parameters of methyl geometry used to tend to be significantly higher, since for the experiment that
obtain'H relaxation-derived values &f.yis Best-fit parameters from linear ~ measuresRT, y, it is the rapidly relaxing multiple-quantum

regression of the data are shown for each plot along with Pearson correlationdements’ present during the intervals betweandc in Figure
F:oe;ffmlent_s,R, obtained for the_ numb_er of data points (methyl groups) 4b (scheme 1) and betweenand b andd ande (Figure 4b
indicated in parentheses. The lige= x is drawn on plots €f. '
scheme 2), that give rise to the observed signal and relaxation
protein L (Figure 5¢,d wherB (L1 + Ls) andRF, (L1 — La) decay during these delays is significant. Thus, in studies of
are measured, respectively) afid-[15N,2H], lled1-[3CHg], protein L, intensities of correlations measured for experiments
Leu,Val-[3CH;,12CD4]}-MSG (Figure 5eRF, (L1 + La); Figure recorded with the sequences of Figure 4a,b are in the ratio of
5f, RF,1(Ly — Ls)). Correlations between the sets®,;s values 4.3 + 0.7 (i.e., intensities of experiment of Figure 4a/
are high, very similar to what has been observed bet#&n  corresponding intensities of experiment of Figure 4b), while
and2H-derived order parameters measured in MSG recéatly. for MSG, the ratio increases to 134 3.1, on average. It is
Of interest,S.is values obtained fronR™ (L1 + Ls) — RS 4 clear that what limits the methodology is the inherent sensitivity
are ever so slightly lower than the corresponding values from of spectra that quantifiR, ;1. These spectra have sensitivities
RFon(Ls — Ls) — RS, as expected from the (small) way in  that are approximately a factor of-3-fold lower than those
which external protons contribute to relaxation in each of the recorded with schemes that measeiretransverse relaxation
two cases (see eq 5). in 13CHD,-labeled samples of MSG (for Val and Leu residues).
It should be noted that, in applications involving protein L In addition, the resolution iifr; is degraded in data sets that
at temperatures much higher thahG(i.e., for correlation times ~ measureR™,  since both fast and slowly relaxing components
less than approximately 10 ns), the agreement betfl¢eand of magnetization are present at the start of detection, leading to
1H-derived measures of order breaks down, with valueZqf cross-peaks with broad baselines. This accounts for the lower
from 1H relaxation surprisingly increasing with temperature. number of correlations that could be reliably quantified in the
This trend has been noted in our previous studies of methyl present study~50% of the total number of 1l&(), Leu, and
(*3CHjy) side-chain dynamics, where we focused on intra-methyl Val methyl groups relative to 80% in the case of the
cross-correlation effects betwedid—3C andH—1H dipolar study).
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Concluding Remarks. A number of experimental methods relaxation studies. Nevertheless, the work described here points
have been described for measuring methyl side-chain order into the high level of consistency between different measurements,
13CH,D- and 13CHgz-labeled, highly deuterated proteins. The further corroborating the reliability of the derived dynamics
approaches exploit differenceslid relaxation rates of degener- parameters. In a series of recent papers, our laboratory has
ate transitions that in turn report on specific intra-methyl dipolar shown how the rich cross-correlated spin relaxation network in

cross-correlation effects related directly$ys Order param- methyl groups can be used to probe molecular structure and
eters quantifying the amplitudes of motion of b&{), Leu, and dynamics in proteing*53The present work provides yet another
Val methyl groups obtained frodiH-based experiments dtJ- such example.

[*®N,2H], lled1-[*3CHg], Leu,Val-[*3CHs;,2CD3]}-MSG are in i

good agreement with those frotdl and3C relaxation studies Acknowledgment. This work was supported by a grant from
(tc ~ 50 ns); a similar level of agreement wiH-derivedSayis the Canadian Institutes of Health Reseqrgh (QIHR) tp L.EK.,
values is observed in applications involvifig-[*3N,2H], lled1- who also holds a Cangda Resear.ch Chair in Biochemistry. V.T.
[13CH3], Leu,Val-[3CHs,12CD3]} -protein L at 5°C (rc ~ 10 acknowlgdges financial support in the form of a postdoctqral
ns). A good correlation is also observed betw&gq!H) and feIIow_shlp from CII_—|R. The authors thank Dr. V._ Kanells
Saxid2H) for lle(d1) methyls, as measured on{ B-[15N,2H], (Hospital for th(_a Sick Children, Toronto) for prow_dlng_the
lled1-[13CH,D]} -MSG sample. For botHCHs-(lle, Leu, Val)- sample of protein L and Dr. J. E. Ollerenshaw (University of

and 13CH,D-(Ile)-based probes of dynamics considered here, Toronto) for computer simulations and helpful discussions.
simulations and experiments suggest ftr&iderived measures
of order are robust forc > 10 ns and for applications involving density terms that contribute B, 1 — RS, 4 in isolated3CH,D
highly deuterated samples. Neverthel@ssrelaxation experi- and 13CH, methyl groups. This material is available free of
ments have a number of decided advantages. First, the relaxatior&harge via the Internet at http://pubs.acs.org.

of as many as five density elements can be studied to increase

confidence in the extracted motional parameters. By contrast, JAO60817D

Faxis vValues are obtained from only a single measure in the case

Supporting Information Available: Tables listing all spectral

of the H experiments. In addition, since only ofid rate is ~ (51) Shad, A J.; Keeler, J.; Frenkiel, T.; FreemanJRlagn. Resont 983

measured, the data must be interpreted under the assumptione2) marion, D.; Wihrich, K. Biochem. Biophys. Res. Comma983 113
TR ; ; - ; 967-974.

that the contribution to _relgxaﬂon from |s_ negligible (i.e.,rs (53) Tugarinov, V.. Hwang, P. M.: Kay, L. Annu. Re. Biochem 2004 73,

= 0). No such assumption is necessary in the cagel air 1°C 107—146.
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