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Abstract Relaxation violated coherence transfer NMR

spectroscopy (Tugarinov et al. in J Am Chem Soc 129:1743–

1750, 2007) is an established experimental tool for quanti-

tative estimation of the amplitudes of side-chain motions in

methyl-protonated, highly deuterated proteins. Relaxation

violated coherence transfer experiments monitor the build-

up of methyl proton multiple-quantum coherences that can

be created in magnetically equivalent spin-systems as long as

their transverse magnetization components relax with sub-

stantially different rates. The rate of this build-up is a reporter

of the methyl-bearing side-chain mobility. Although the

build-up of multiple-quantum 1H coherences is monitored in

these experiments, the decay of the methyl signal during

relaxation delays occurs when methyl proton magnetization

is in a single-quantum state. We describe a relaxation vio-

lated coherence transfer approach where the relaxation of

multiple-quantum 1H–13C methyl coherences during the

relaxation delay period is quantified. The NMR experiment

and the associated fitting procedure that models the time-

dependence of the signal build-up, are applicable to the

characterization of side-chain order in [13CH3]-methyl-

labeled, highly deuterated protein systems up to *100 kDa

in molecular weight. The feasibility of extracting reliable

measures of side-chain order is experimentally verified on

methyl-protonated, perdeuterated samples of an 8.5-kDa

ubiquitin at 10�C and an 82-kDa Malate Synthase G at

37�C.

Keywords Relaxation violated coherence transfer NMR

spectroscopy � Methyl labeling on the deuterated

background � Methyl three-fold axis order parameters �
Magnetically equivalent spin-system

Introduction

Three NMR nuclei can serve as spin probes of mobility of

methyl-bearing side-chains on the pico-to-nanosecond

time-scale in high-molecular-weight proteins (Sheppard

et al. 2010). Although deuterium (2H) remains the most

reliable and ‘straightforward-to-interpret’ spin probe of

side-chain dynamics, the sensitivity of 2H relaxation

measurements in methyls of either 13CH2D (Tugarinov

et al. 2005) or 13CHD2 (Tugarinov and Kay 2006a;

Tugarinov et al. 2005) variety is several times (typically,

3-to-5-fold) lower than that of relaxation methods targeting

carbon (13C) nuclei in 13CHD2 methyl groups. On the other

hand, the interpretation of 13C spin relaxation rates in terms

of motional parameters may be significantly more complex

(Godoy-Ruiz et al. 2010; Ishima et al. 1999; Sprangers and

Kay 2007; Tugarinov and Kay 2005b). Because 13C

relaxation in 13CH3 methyls is affected by 1H–13C dipolar

cross-correlations (Kay et al. 1992; Kay and Torchia 1991),

both 2H and 13C-directed spin relaxation measurements

require incorporation of at least one deuteron into methyl

sites. Since methyl groups of any type—13CH2D, 13CH2D

and 13CH3—are commonly incorporated into the side-

chains of large proteins via the use of appropriately methyl-

labeled biosynthetic precursors or amino-acids (Ayala et al.

2009; Gans et al. 2010; Godoy-Ruiz et al. 2010; Religa

et al. 2010; Ruschak and Kay 2010; Ruschak et al. 2010b;

Sheppard et al. 2010; Sprangers et al. 2007), thus achieving

close to 100% content of the methyl type of interest, the
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use of any desired methyl isotopomer requires the prepa-

ration of a separate protein sample.

Usually, methyl-[13CH3]-labeled samples are produced

at initial stages of any NMR study of a large protein system

and used for a variety of applications. This makes the use

of the third nuclear spin probe—protons in 13CH3 methyl

groups—an especially attractive and convenient alternative

that obviates the need for additional protein preparations

with deuterium-containing methyl groups. Furthermore, the

starting sensitivity of 1H-directed relaxation measurements

in [13CH3]-methyl-protonated, highly deuterated proteins is

higher (Ollerenshaw et al. 2005) due to three-fold degen-

eracy of protons in 13CH3 methyl groups and the methyl-

TROSY effect (Tugarinov et al. 2003).

Two experimental approaches towards the use of 1H

relaxation in 13CH3 spin-systems were described previously:

(1) the measurement of transverse relaxation rates of indi-

vidual 1H transitions and extraction of methyl three-fold axis

order parameters, S2
axis, that report on the amplitudes of side-

chain motions, from the difference in the measured rates

(Tugarinov and Kay 2006b), and (2) the more versatile

scheme that relies upon the measurement of 1H–1H dipolar

cross-correlation rates, gHH, via what was termed as ‘‘for-

bidden fruits of NMR spectroscopy’’ by Ernst et al. (1987)—

namely, the use of relaxation violated coherence transfer

(Kay and Prestegard 1987; Muller et al. 1987) whereby

methyl proton multiple-quantum (MQ)—so-called ‘forbid-

den’—coherences are created despite that all 1H transitions

in a 13CH3 methyl are magnetically equivalent. It has been

demonstrated that the time dependence of the preparation of
1H MQ states is a sensitive probe of side-chain dynamics,

even in systems with molecular weights of hundreds of

kilodaltons, and that robust measures of motion can be

obtained (Tugarinov et al. 2007). Over the course of several

years, the relaxation violated coherence transfer experiment

has found applications in the studies of dynamics at methyl

sites of a number of large macromolecular assemblies (Kay

2011; Religa et al. 2010; Ruschak et al. 2010a; Sprangers and

Kay 2007; Sprangers et al. 2007; Tugarinov et al. 2007).

Recently, it has been realized that the selection of triple-

quantum (3Q) ‘forbidden’ proton transitions in the relaxation

violated coherence transfer scheme as opposed to the com-

monly employed double-quantum (2Q) filtering leads to

sensitivity gains of 50% (Sun et al. 2011).

Although the main information content of the relaxation

violated coherence transfer scheme is provided by the time-

dependence of the build-up of MQ 1H magnetization, the

decay of the methyl signal during relaxation delays occurs

when methyl 1H magnetization is in a single-quantum (SQ)

state. Here we describe a 3Q-filtered relaxation violated

coherence transfer approach where relaxation of MQ 1H–13C

methyl coherences during the relaxation period is measured

instead, providing the sum of methyl 1H–1H and 1H–13C

cross-correlated relaxation rates, g0. Although not as versatile

as the original scheme (Sun et al. 2011), this experiment and

the associated modeling of the time-dependence of the methyl

signal build-up are applicable to the characterization of side-

chain ordering in [13CH3]-methyl-labeled, deuterated proteins

of molecular weights up to *100 kDa. We experimentally

verify the feasibility of extracting reliable measures of side-

chain order from the rates g0 on the samples of {U-[15N,2H];

Iled1-[13CH3]; Leu,Val-[13CH3,12CD3]}-ubiquitin (8.5 kDa)

at 10�C and {U-[15N,2H]; Iled1-[13CH3]}-labeled Malate

Synthase G (MSG; 82 kDa; Howard et al. 2000; Tugarinov

et al. 2002) at 37�C.

Materials and methods

NMR samples

Two protein samples have been used in this study:

(1) {U-[15N,2H]; Iled1-[13CH3]; Leu,Val-[13CH3,12CD3]}-

labeled human ubiquitin, and (2) {U-[15N,2H]; Iled1-

[13CH3]}-labeled MSG. All the samples were prepared as

described in detail previously (Tugarinov and Kay 2004b)

using {U-[2H]}-glucose as the main carbon source and the

appropriate a-ketoacid precursors for selective methyl

labeling (Tugarinov et al. 2004a; Tugarinov and Kay

2005a). Sample conditions were: 1.2 mM protein concen-

tration, 99.9% D2O, 25 mM sodium phosphate, pD = 6.8

(uncorrected), 0.05% NaN3 for ubiquitin; 0.75 mM protein

concentration, 99.9% D2O, 25 mM sodium phosphate,

pD = 7.1 (uncorrected), 20 mM MgCl2, 0.05% NaN3,

5 mM DTT, and a cocktail of protease inhibitors for MSG.

NMR experiments and data analysis

All NMR experiments were conducted at 600 MHz Bruker

Avance III spectrometer using a room-temperature triple-

resonance probe operating at 10�C (ubiquitin) and 37�C

(MSG). All NMR spectra were processed and analyzed using

the NMRPipe/NMRDraw suite of programs and associated

software (Delaglio et al. 1995). The sum of dipole-dipole
1H–1H and 1H–13C cross-correlated relaxation rates in 13CH3

methyl groups, g0, has been obtained by fitting the ratios of

peak intensities measured in a pair of data sets recorded for

each T value (|Ia/Ib|) to the functional forms of signal build-up

described in the text. Errors in the extracted values of g0 were

estimated by a Monte-Carlo analysis (Kamith and Shriver

1989) using random noise in the spectra as an estimate of

experimental uncertainties in the |Ia/Ib| ratios.

For the measurements of g0 the relaxation delays T of (0; 4;

8; 12; 16; 20; 24; 28, 32; 36; 40; 44) ms for ubiquitin, and (0;
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0.6; 1.2; 1.8; 2.4; 3.0; 3.6; 4.2; 4.8; 5.3; 6.0) ms for MSG were

used. The first point of the |Ia/Ib| build-ups (T = 0) for both

proteins was measured in a separate experiment with twice

more transients and used to calculate the initial conditions in

g0 measurements (factor f; see text). All the measurements

have been performed in the interleaved mode: for the same

value of the relaxation delay T and t1 evolution time the

‘allowed’ point (intensity Ib) has been acquired immediately

after the ‘forbidden’ one (intensity Ia). Typically, the use of

recovery delay of 1.5 s and 24 scans/fid resulted in the net

acquisition time of *4 h. per the pair of ‘forbidden’ and

‘allowed’ data sets. For g0 measurements in {Iled1-[13CH3]}-

MSG, 48 scans/fid and 1.0 s recovery delay resulted in

*6 h. per pair of experiments.

Extraction of methyl three-fold axis order parameters,

S2
axis, from relaxation data requires the knowledge of the

overall molecular tumbling time (sC). The correlation time

of ubiquitin (D2O; 10�C) determined previously in H2O at

10�C from 15N relaxation data (Sheppard et al. 2009) has

been scaled by the ratio of D2O/H2O viscosities at 10�C

(Cho et al. 1999), sC (D2O) = gD2O=gH2O½ �sC (H2O),

leading to the isotropic sC value of 8.9 ns. The values of

the diffusion tensor for MSG (D2O; 37�C) were estimated

from diffusion measurements as described previously

(Tugarinov and Kay 2006b; Tugarinov et al. 2005) result-

ing in sC,eff = (2D|| ? 4D\)-1 = 49 ns, diffusion anisot-

ropy D||/D\ = 1.21 and the polar angles h = 13�, / = 48�
defining the orientation of the unique diffusion axis relative

to the inertia frame (Tugarinov and Kay 2006b).

Results and discussion

The background on relaxation violated coherence

transfer NMR experiments for estimation of side-chain

order in methyl-protonated, highly deuterated large

proteins

Relaxation violated coherence transfer NMR experiments

that have been developed earlier (Sun et al. 2011; Tugarinov

et al. 2007) for quantification of side-chain order in large

proteins selectively labeled with 13CH3 methyl groups on the

deuterated background, are better understood with reference

to the energy level diagram of an AX3 (13CH3) spin-system

shown in Fig. 1. For an ‘isolated’ methyl group attached to a

macromolecule and assuming very rapid methyl rotation

about its three-fold axis, the relaxation rates of each of the 1H

SQ transitions is single-exponential in the macromolecular

limit, with fast (RF
2;H ; shown with cyan and black vertical

arrows connecting proton states |1[and |2[, |3[and |4[in

Fig. 1) or slow (RS
2;H; red vertical arrows; Fig. 1) rates (Kay

and Prestegard 1987; Muller et al. 1987; Tugarinov et al.

2003). It has also been demonstrated that under these

assumptions each of the 1H–13C MQ, double-(DQ)-/zero-

(ZQ)-quantum, coherences decays in a single-exponential

manner with fast (RF
DQ;R

F
ZQ; shown with blue diagonal

arrows in Fig. 1) or slow (RS
DQ;R

S
ZQ; red diagonal arrows;

Fig. 1) rates (Tugarinov et al. 2003). The relaxation violated

coherence transfer scheme developed previously (Sun et al.

Fig. 1 Energy level diagram for the AX3 spin-system of a 13CH3

methyl group. Eigenfunctions are denoted by |i[ |n[ where i and n
refer to the 13C and 1H spin states, respectively (i[{a,b} and

|n[: |j,k,l[, where (j,k,l) [{a,b}). All ‘allowed’ transitions are

shown with solid arrows. Vertical solid arrows correspond to 1H SQ

transitions, while 1H–13C double-quantum (DQ) and zero-quantum

(ZQ) slow (fast)-relaxing transitions are shown with red (blue)

diagonal arrows and labeled RS
DQ=ZQ

RF
DQ=ZQ

� �
. Triple-quantum

‘forbidden’ 1H transitions are shown with dashed green arrows and

labeled ‘3Q’. The slow-relaxing SQ 1H transitions are shown with red
vertical arrows, while the fast-relaxing 1H transitions connecting

levels |1[ and |2[, |3[ and |4[, are differentiated onto two types—

those that relax faster due to C–H/H–H dipole-dipole cross-correlated

spin relaxation (labeled with ‘F’ and shown with cyan vertical
arrows) and those that relax slower (labeled with ‘S’ and shown with

black vertical arrows)
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2011; Tugarinov et al. 2007) quantifies the cross-correlated

relaxation rates between the pairs of 1H–1H vectors in a
13CH3 methyl group, gHH. In the macromolecular limit,

gHH ¼ RF
2;H ��RS

2;H

� �
=2, and is directly related to the

amplitude of motions of the methyl three-fold axis expressed

as a generalized order parameter, S2
axis (Lipari and Szabo

1982). As long as gHH = 0, i.e. a substantial difference

exists between the relaxation rates of the fast- and slow-

relaxing 1H transitions in a 13CH3 spin-system, experiments

are designed that exploit the relaxation violated coherence

transfer whereby methyl proton MQ coherences—for

example, 3Q transitions shown with dashed green vertical

arrows in Fig. 1—can be prepared despite that all 1H tran-

sitions in 13CH3 groups are magnetically equivalent. In the

absence of differential relaxation (gHH = 0), these transi-

tions are ‘forbidden’ and cannot be excited (Ernst et al. 1987;

Kay and Prestegard 1987; Müller et al. 1987).

Two experiments are performed: (a) with selection of

‘forbidden’ MQ 1H transitions leading to the time depen-

dence of the signal intensities Ia in the form IaðtÞ ¼
A sinhðgHHtÞ (we assume for simplicity an isolated methyl

that has no interactions with external proton spins), and (b)

with selection of SQ 1H transitions leading to a bi-expo-

nential decay of signal intensities IbðtÞ ¼ B coshðgHHtÞ. For

an isolated methyl group, the time-dependence of the ratio

of intensities in these two experiments |Ia/Ib|(t) = (A/B)

tanh(gHHt) can be used to extract the estimates of gHH and

hence S2
axis. The magnitude of the ‘pre-factor’ A/B above

depends upon the relative efficiencies of magnetization

transfer in the two experiments and the order of MQ proton

coherences selected in experiment a. In practice, however,

even in highly deuterated proteins methyl groups are not

isolated; rather they interact with other protonated methyls

in protein structures, and the |Ia/Ib| ratios are fitted to a

more complex relationship that models the ‘build-up’ of |Ia/

Ib| as a function of time taking into account cross-relaxa-

tion between the slow- and fast-relaxing transitions

induced by dipolar interactions with external 1H spins

(Tugarinov et al. 2007). The time dependence of such a

build-up has been shown to provide a sensitive and reliable

probe of methyl-axis dynamics, even in proteins the size of

360-kDa a7a7 ‘half-proteasome’ construct (Tugarinov et al.

2007). Although in the original version of the relaxation

violated transfer scheme 2Q ‘forbidden’ proton coherences

were selected in experiment a, it has been shown recently

that the sensitivity of the experiment benefits significantly

(by a factor of 3/2) from the selection of 3Q ‘forbidden’

proton magnetization (Sun et al. 2011). Keeping this 50%

increase in sensitivity provided by 3Q-filtering of the

‘forbidden’ magnetization in mind, we explore the feasi-

bility of estimation of S2
axis via the measurement of the sum

of 1H–1H and 1H–13C cross correlated relaxation rates in

13CH3 methyls of highly deuterated proteins, g0 = gHH ?

gCH, using a MQ version of the 3Q-selected relaxation

violated coherence transfer.

Measurements of the sum of 1H–1H and 1H–13C

cross-correlated relaxation rates in methyl groups

via relaxation violated coherence transfer

Figure 2 shows the relaxation violated coherence transfer

scheme which monitors the evolution of methyl 1H–13C

MQ magnetization during the relaxation period T. The 90�
13C/2 pulse applied at time-point a of the scheme (Fig. 2)

converts methyl 1H SQ magnetization to a superposition of

DQ and ZQ coherences. The fast- RF
DQ; RF

ZQ

� �
and slow-

RF
DQ; RF

ZQ

� �
relaxing MQ magnetization evolves during the

relaxation delay T, and is subsequently converted back to

the 1H SQ state anti-phase with respect to the methyl

carbon spin by the 13C 90� pulse at time-point b. As in the

case of previous SQ 1H relaxation-based measurements

(Sun et al. 2011; Tugarinov et al. 2007), two experiments

are performed: (a) the first experiment with the ‘open’ 1H/4

pulse included in Fig. 2 selecting for ‘forbidden’ 3Q 1H

transitions (dashed green arrows in Fig. 1); the build-up of

the 3Q-filtered ‘forbidden’ magnetization leads to correla-

tions with intensities Ia, and (b) the second experiment

performed with the ‘open’ 1H/4 pulse omitted selecting for
1H SQ (‘allowed’) transitions providing intensities Ib. In

the rest of the scheme, the magnetization is converted back

to the MQ state and ‘filtered’ between time-points c and d

(Fig. 2) to eliminate the ‘fast’ MQ transitions (blue diag-

onal arrows in Fig. 1) so that only the ‘slow’ part of the

I = 3/2 manifold (Fig. 1) in the ‘forbidden’ experiment

and the ‘slow’ parts of all manifolds in the ‘allowed’

experiment evolve during the t1 period (Korzhnev et al.

2004; Sheppard et al. 2010). As described in detail below,

the time-dependence of the experimental ratio |Ia/Ib| is

modeled with the purpose of reliable extraction of order

parameters S2
axis taking into account that the ‘fast’ and the

‘slow’ parts of the MQ 1H–13C magnetization relaxing

during T do not evolve independently and are coupled due

to interactions with external proton spins. Detailed analyses

of the magnetization transfer pathways in experiments

a and b for the case when the time evolution of SQ 1H

transitions is monitored during T can be found in the pre-

vious publications (Sun et al. 2011; Tugarinov et al. 2007).

The relaxation rates of the DQ and ZQ parts are very

different for both the fast- RF
DQ; RF

ZQ

� �
and slow-

RS
DQ; RS

ZQ

� �
relaxing transitions (Tugarinov and Kay

2004a; Tugarinov et al. 2004b). However, the DQ and ZQ

rates are effectively averaged by the application of 1H and
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13C 180� pulses during T that eliminate contributions from

intra-methyl H–H/C–H cross-correlated relaxation as well

as from cross-correlations involving external protons and

deuterons. In what follows, we therefore denote

RF
DQ þ RF

ZQ

� �
=2 by RF

MQ and RS
DQ þ RS

ZQ

� �
=2 by RS

MQ. The

relaxation of the lines of the methyl MQ multiplet (L1

through L4) during the delay T in the presence of dipolar

interactions with external proton spins can be then descri-

bed by (Korzhnev et al. 2004; Tugarinov et al. 2007):

d

dT

L1 � L3

L2

L1 þ L3

L4

0
BBB@

1
CCCA ¼ �

diag½RF
MQ; RS

MQ; RF
MQ; RS

MQ�þ

kHH

9 0 0 0

0 9 �4 2
ffiffiffi
2
p

0 �4 9 �2
ffiffiffi
2
p

0 2
ffiffiffi
2
p

�2
ffiffiffi
2
p

7

2
666664

3
777775

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

�

L1 � L3

L2

L1 þ L3

L4

0
BBB@

1
CCCA

ð1Þ

where ðL1�L3; L2; L1 þ L3; L4Þ ¼ 2Ctr
q34�q12ffiffi

2
p ; 2q23þq56þq78ffiffi

6
p ;

�

q34þq12ffiffi
2
p ; q23�q56�q78ffiffi

3
p Þ, Ctr is the spin operator of transverse 13C

magnetization (Cx,y), qkl is the density element coupling the

proton states |k[and |l[(Fig. 1), and kHH ¼
P

ext
1
20

� � �h2c4
HsC

r6
HHext

,

where rHHext are the distances to external proton nuclei, and

the sum runs over all external proton spins. The build-up of

the ratio of intensities obtained in the two experiments, |Ia/Ib|,

will be determined by the sum of intra-methyl 1H–1H and
1H–13C dipole-dipole cross-correlation rates, g0, that in the

macromolecular limit is given by

g0 ¼ gHH þ gCH ¼
RF

MQ � RS
MQ

2

� S2
axisc

2
H�h2sC

l0

4p

� �2

(
9

10
P2ðcos haxis;HHÞ
� �2 c2

H

r6
HH

þ 2

5
P2ðcos haxis;CHÞ
� �2 c2

C

r6
CH

)
ð2Þ

where sC is the global molecular tumbling time, l0 is the

vacuum permeability constant, ci is the gyromagnetic ratio of

spin i, rHH is the distance between pairs of methyl protons,

rCH is the distance between the carbon and proton nuclei,

P2ðxÞ ¼ 1
2
ð3x2 � 1Þ; and haxis,HH is the angle between the

methyl three-fold axis and a vector that connects a pair of

methyl 1H nuclei, while haxis,CH is the angle between the

methyl three-fold axis and a vector that connects 13C and 1H

nuclei. Assuming ideal tetrahedral methyl geometry (hax-

is,CH = 109.5�; rCH = 1.135 Å; Mittermaier and Kay 2002;

Ottiger and Bax 1999) and rHH = 1.813 Å (Ishima et al.

2001; Tugarinov et al. 2006), we calculate that

gHH ? gCH = 1.21gHH, i.e. 1H–13C cross-correlations con-

tribute a relatively small portion of the total cross-correlated

relaxation rate that is responsible for the narrowing of cen-

tral, slowly-relaxing lines in methyl-TROSY spectroscopy

Fig. 2 The pulse scheme for the measurement of intra-methyl
1H–1H ? 1H–13C dipole-dipole cross-correlated spin relaxation rates,

g0, in 13CH3 groups of perdeuterated proteins. The scheme with the open
1H pulse (phase /4) included at point b is used to measure the build-up

of 1H 3Q coherences during the relaxation delay T (resulting in

correlations with intensities Ia), while a second experiment is recorded

to measure the bi-exponential decay of 1H–13C MQ magnetization by

removing the open pulse (correlations with intensities Ib). All narrow

(wide) rectangular pulses are applied with flip angles of 90(180)� along

the x-axis unless indicated otherwise. The 1H carrier is positioned in the

center of the Iled1-Leu-Val methyl region (0.7 ppm), while the 13C

carrier is positioned at 12(19) ppm for Iled1(ILV)-labeled samples. All
1H and 13C pulses are applied with the highest possible power, with

WALTZ-16 (Shaka et al. 1983) 13C decoupling achieved using a 2-kHz

field. A 40 ms 1H spin-lock (8 kHz, y-axis) is applied after acquisition

(‘SLy’). The spin-lock pulse and the subsequent 1H purge pulses

eliminate all transverse components of 1H magnetization before the

recovery delay. Delays are: sa = 1/(41JCH) = 2.0 ms; sb = 1/

(81JCH) = 1 ms; T is the variable relaxation delay. The phase cycle

is: /1 = (0�,60�,120�,180�,240�,300�); /2 = 3(x),3(-x); /3 = /1; /
4 = 6(x),6(-x); /5 = 12(x),12(-x); /6 = 6(y),6(-y); /7 = x;

rec. = 4(x,-x,x),4(-x,x,-x) (3Q-filtered ‘forbidden’ experiment with

the open 1H/4 pulse included), and /1 = x,-x; /2 = /3 = 3(x),

3(-x); /5 = 12(x),12(-x); /6 = 6(y),6(-y); /7 = x; rec. =

4(x,-x,x),4(-x,x,-x) (the ‘allowed’ experiment; open 1H/4 pulse

omitted). The durations and strengths of pulsed-field z-gradients in units

of (ms; G/cm) are: g1 = (1; 5), g2 = (0.05; -20), g3 = (0.5; 10),

g4 = (0.15; 12), g5 = (1.0; 10), g6 = (1.2; 8). Quadrature detection in

F1 is achieved via STATES-TPPI (Marion et al. 1989) incrementation

of /7
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(Tugarinov et al. 2003; i.e. RS
MQ � 0 for an isolated methyl

group (Tugarinov et al. 2003), and the line-widths of central

MQ transitions are largely determined by dipolar interac-

tions with external protons and deuterons). Of note, the same

value of rHH = 1.813 Å has been used in earlier methyl 1H

relaxation studies (Sun et al. 2011; Tugarinov and Kay

2006b; Tugarinov et al. 2007) and is in reasonable agreement

with the value of 1.807 ± 0.012 Å reported for methyl

iodide based on the ratios of methyl 1H–1H and 1H–13C

dipolar couplings (Wooten et al. 1979), while the chosen

value of rCH corresponds to P2ðcos haxis;CHÞr�3
CH

	 

=

-0.228 Å-3 assuming ideal methyl tetrahedrality (hax-

is,CH = 109.5�) as derived from the ratios 13C–13Cm and
1H–13C dipolar couplings in a pair of previous studies

(Mittermaier and Kay 2002; Ottiger and Bax 1999).

The modeling of the time-dependence of the |Ia/Ib| build-

up in the experiment of Fig. 2 is somewhat more involved

than in the previous 1H SQ relaxation-based scheme(s).

The principal difficulty is associated with the determination

of initial conditions for solution of the system of differ-

ential equations (1), namely the relative amount of ‘fast’

and ‘slow’ magnetization present at time-point a of the

scheme in Fig. 2. Apart from 1H–1H cross-correlations that

are operative during the initial delay 2sa, cross-correlated

relaxation between 1H–1H and 1H–13C dipoles in a methyl

group (gHH/CH) will affect the intensities of the fast-relax-

ing part of 1H SQ coherences evolving till the time-point a

of the scheme. These cross-correlations lead to different

relaxation rates of the ‘fast’ 1H SQ transitions depending

on the state of the carbon spin as it is shown in Fig. 1,

where 1H SQ transitions associated with 13C spin states |a[
or |b[ are separated onto those that relax faster due to

H–H/C–H cross-correlated relaxation (?gHH/CH; labeled

with ‘F’ in Fig. 1) and those that decay slower (-gHH/CH;

labeled with ‘S’). The rates gHH/CH are significant: in the

macromolecular limit, and for standard methyl geometry,

gHH/CH is equal to 1
5

l0

4p

� �2S2
axis

c3
HcC�h2sC

r3
HH

r3
CH

which amounts to

approximately 8/9 of the 1H–1H cross-correlated relaxation

rates gHH. Of note, the same type of cross-correlations

differentiates the relaxation rates of proton transitions in

fast-rotating 13CH2(D) methyl groups, and has been uti-

lized earlier in 13CH2(D)-methyl TROSY-based experi-

ments (Tugarinov and Kay 2006b; Tugarinov et al. 2005).

In small proteins, the cross-correlated relaxation rates gHH/

CH can be measured using modifications of the pulse-

schemes developed earlier for isolation and relaxation rate

measurements of linear combinations of ‘fast’ (q1–2 ?

q3–4; q1–2 - q3–4) and ‘slow’ (2q2–3 ? q5–6 ? q6–7) 1H

transitions (Tugarinov and Kay 2006b). In Fig. 3 we show

a pair of examples of relaxation decay curves of the ‘fast’
1H SQ transitions corresponding to different methyl 13C

spin states (a/b) recorded in ubiquitin at 27�C. Clearly, the

differences in decay rates of the two ‘fast’ 1H transitions

corresponding to 13Ca or 13Cb states are substantial com-

plicating the determination of initial conditions for solution

of (1). Note that the effects of cross-correlations involving

methyl 1H CSA—such as between methyl 1H CSA and
1H–1H or 1H–13C dipoles—are eliminated by application of

180� 1H and 13C pulses during the first delay 2sa in the

scheme of Fig. 2.

Because taking into account accurately the evolution of

the ‘fast’ SQ 1H transitions during the initial delay 2sa in

the presence of H–H/C–H cross-correlations and external

proton spins is not straightforward, we have chosen to use

the following simple procedure that boils down to ‘fixing’

the first point of the |Ia/Ib| build-up to its experimentally

measured value at T = 0 (time-point a in Fig. 2). As the

‘fast’ and ‘slow’ magnetization pathways are not inter-

mixed by the application of the 13C/2 pulse (Ollerenshaw

et al. 2003; Tugarinov et al. 2003), the time-dependence of

|Ia/Ib| can be expressed as,

Ia

Ib

����
����ðTÞ ¼ �

3

4

FaFMQðTÞ � SaSMQðTÞ
FaFMQðTÞ þ SaSMQðTÞ

� 
ð3Þ

where Sa (Fa) is the amount of ‘slow’(‘fast’) magnetization

(signal intensity) at time-point a of the scheme, and

SMQ (FMQ) is the time-dependent MQ ‘slow’(‘fast’)

Fig. 3 Examples of relaxation decay curves of the ‘fast’ group of 1H

SQ transitions for a pair of selected methyl positions in ubiquitin

(27�C). The color coding is the same as in the diagram of Fig. 1. For

the case of 1H SQ transitions connecting levels |3[ and |4[ in the

diagram of Fig. 1 (q3–4), the transitions that relax slower due to H–H/

C–H dipole-dipole cross-correlations correspond to the 13C spin-state

a (shown in black), while those that correspond to the 13C spin-state b
relax faster (shown in cyan). The opposite is true for the 1H SQ

transitions connecting levels |1[ and |2[ in Fig. 1
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magnetization. At T = 0, |Ia/Ib|(0) = (-3/4)(Fa - Sa)/

(Fa ? Sa). The pre-factor of (-3/4) in (3) derives from

the calculation of the relative efficiencies of ‘forbidden’

and ‘allowed’ magnetization transfers in the case of 3Q

selection as described in detail previously (Sun et al. 2011),

and assumes that an equal number of scans is acquired in

the ‘forbidden’ (Ia) and ‘allowed’ (Ib) experiments. We

define the ratio f = Sa/Fa and calculate from (3) at T = 0:

f ¼
1þ ð4=3Þ Ia

Ib
ð0Þ

���
���

1� ð4=3Þ Ia

Ib
ð0Þ

���
���

ð4Þ

Experimental determination of the factor f thus allows

defining the appropriate initial conditions for modeling of the

time-dependence of |Ia/Ib| build-up. For more accurate

determination of f, the first point of the experiment in

Fig. 2 (T = 0) can be collected with more scans (see

‘‘Materials and methods’’). The subsequent modeling of

|Ia/Ib|(T) closely follows the analysis in Tugarinov et al.

(2007). Noting that initial conditions for solution of (1)

may be approximated by 0;
ffiffi
6
p

2
;
ffiffi
6
p

2f ; 0
� �

and assuming that

2Ctrq23ðTÞ ¼ 2Ctr½q56ðTÞ þ q78ðTÞ� for all T, the time

dependence of the terms of interest may be approximated by:

dm~ðTÞ
dT

¼ � ~Mm~ðTÞ ð5aÞ

where

m~T ¼ 2Ctr

ð2q23 þ q56 þ q78Þffiffiffi
6
p ;

ðq34 þ q12Þffiffiffi
2
p

� �
ð5bÞ

~M ¼ RS
MQ þ Rext d

d RF
MQ þ Rext

� �
ð5cÞ

and Rext = 9kHH, d = -4kHH. We note that the magnitude

of L4 in (1) at T = 0 is not exactly zero. Simulations show,

however, that the build-up of L4 during the delay 2sa is

negligibly small even for large proteins. Solution of the

system of differential equations (5a) under the initial

conditions specified above yields the following expression

for the time-dependence of |Ia/Ib|,

Ia

Ib

����
����ðTÞ ¼ �

3

4

FMQðTÞ � f SMQðTÞ
FMQðTÞ þ f SMQðTÞ

� 
ð6aÞ

where

FMQ ¼ cosh r0Tð Þ � g0 þ f d
r0

� �
sinh r0Tð Þ; ð6bÞ

SMQ ¼ cosh r0Tð Þ þ f g0 � d
f r0

� �
sinh r0Tð Þ ð6cÞ

r0 ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g02 þ 4d2

q
ð6dÞ

and f is determined experimentally using (4). Equation (6a)

is used for the two-parameter fitting of the experimental |Ia/

Ib| ratios for extraction of g0 and d. The order parameters

S2
axis are subsequently calculated from g0 rates using (2).

Unlike SQ 1H transitions in a methyl group that are all

degenerate, lines L1 through L3 of the 1H–13C MQ triplet

evolving during the relaxation period T according to (1),

are separated by the value of 1H–13C J coupling, 1JCH

(*125 Hz). In the basis set of (1), this translates to the

coupling of the fast-relaxing terms (L1 - L3) and

(L1 ? L3) by ±2ip1JCH. In the derivations above we have

been assuming that the 1H and 13C 180� pulses applied

during the relaxation delay T completely decouple the lines

of the multiplet. This is not the case, however, in the

presence of the ‘cross-talk’ between the lines which is

induced by 1H spin-flips and expressed by the parameter

d = -4kHH in (5c). The evolution of the spin-system under

the effect of (residual) J coupling will affect the form of the

time-dependence of |Ia/Ib| ratios. The magnitude of this

effect will depend on g0 and d, i.e. the molecular tumbling

time sC, S2
axis, and the proximity of a given methyl to

external proton spins. To assess the extent to which the

derived g0 (and consequently, S2
axis) will be compromised

by residual couplings, we have simulated |Ia/Ib| build-ups in

the presence of 1JCH coupling during the delay T and fit-

ted the synthetic data to (6a) which implicitly assume

complete decoupling. Figure 4 shows the contour plots

showing relative deviations of the derived S2
axis (in %),

S2
fit � S2

sim

� �
=S2

sim, where S2
fit is the order parameter derived

from the fitted cross-correlation rates g0 using (6a) and S2
sim

is the order parameter input into the synthetic |Ia/Ib| ratios,

for molecular tumbling times sC = 10 ns (Fig. 4a) and

sC = 50 ns (Fig. 4b). It is clear from Fig. 4a that for pro-

teins approximately the size of ubiquitin at 10�C, the

effects of residual J evolution on the extracted S2
axis is

predicted to be very small for the whole range of order

parameters and distances to external proton spins rHHext. Of

note, in all simulations, the order parameter of dipolar

interactions with external proton spins was assumed to be

equal to unity which clearly represents an upper bound on

the relaxation contributions of external protons. If the order

parameter of external interactions is assumed to be equal to

S2
axis, much smaller errors are obtained for shorter rHHext

distances in Fig. 4a–b. Furthermore, the situation when

both S2
axis and rHHext are small (S2

axis \*0.5; rHHext

\*3.0 Å) is hardly realized in practice, as it would imply

a disordered side-chain located deep in the hydrophobic

core of a protein in immediate proximity to other methyl

protons.

The low level of discrepancy in Fig. 4a can be explained

by the observation that even though the functional form of
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the |Ia/Ib| time-dependence is significantly affected by

residual J couplings, these differences will be entirely

absorbed by the parameter d, with practically no effect on

the extracted g0 and hence S2
axis. Further simulations show

that this ‘fortuitous’ scenario would hold for molecular

tumbling times up to *25 ns. For larger molecules such as

MSG, simulations in the presence of 1JCH predict that an

underestimate of the derived S2
axis on the order of several

percent would result from incomplete decoupling as indi-

cated by the contour plots in Fig. 4b. As discussed above,

the simulated errors clearly represent upper-bound esti-

mates as long as the order parameter of interactions with

external protons is set to 1. The inset to the figure illustrates

the intentionally exaggerated differences between the |Ia/Ib|

build-ups in the presence (red curve) and absence (blue

curve) of J coupling calculated with rHHext set to the

unrealistically low value of 2.3 Å for an Iled1-{13CH3}

labeled protein sample. It is clear from the comparison of

the curves that the most experimentally straightforward

way to avoid the underestimation of g0-derived S2
axis in

larger proteins would be the acquisition of initial |Ia/Ib|

build-up curves, i.e. until the effects of incomplete

decoupling are still approximately within the errors in the

measurement. For Iled1-{13CH3}-labeled MSG, the |Ia/Ib|

build-ups have been therefore recorded for the relaxation

delay T B 6 ms (see ‘‘Materials and methods’’). We note

that a 1-kHz strong CPMG pulse train (Carr and Purcell

1954; Meiboom and Gill 1958) applied on 13C nuclei

(Korzhnev et al. 2004) in the experiment of Fig. 2 solves

the problem only partially; indeed, further simulations

show that for longer relaxation delays T stronger fields are

required to completely eliminate the effects of J coupling

in the presence of 1H spin-flips.

Experimental verification

Below we describe the results of g0 measurements in

ubiquitin (10�C) and MSG (37�C). Figure 5a–b show some

typical build-up curves of experimental intensity ratios,

|Ia/Ib|, obtained using the experiment of Fig. 2 for methyl

groups of {U-[2H]; Iled1-[13CH3]; Leu,Val-[13CH3,
12CD3]}-

labeled ubiquitin (5a) and {U-[2H]; Iled1-[13CH3]}-labeled

MSG (5b) best-fit to the functional form in (6a). Note that the

first point of the fit (T = 0) is ‘fixed’ to its experimental

value, and the factor f entering (6a–6d) is calculated using the

relationship in (4). The average experimental values of factor

f are 1.14(1.82) in ubiquitin (MSG). The average g0 rates (±1

standard deviation) of 24.5 ± 7 s-1 and 130 ± 34 s-1 have

Fig. 4 Contour plots showing relative deviations of S2
axis (in %)

obtained from the fit of the simulated |Ia/Ib| build-up to (6a), 100 �
S2

fit � S2
sim

� �
=S2

sim where S2
fit is the order parameter derived from the

fitted cross-correlation rates (2) and S2
sim is the order parameter input

into the synthetic |Ia/Ib| ratios, as a function of S2
axis (x-axis) and the

distance (Å) to an external proton spin (rHHext, y-axis) for the global

molecular reorientation correlation times (sC) of (a) 10 ns; (b) 50 ns.

Errors (in %) are indicated for each contour line. In all calculations,

external spins are represented by a single proton located at the

effective distance rHHext from the methyl group of interest. The order

parameter S2
axis for the dipolar interaction with the external proton

spin was set to 1 for all calculations (see text). The inset in b shows a

theoretical build-up curve of the |Ia/Ib| ratio simulated for a molecule

with sC = 50 ns in the absence of J (1JCH = 0; black curve) and with
1JCH = 125 Hz (red curve), for S2

axis = 0.65 and rHHext = 2.3 Å.

Note that the differences between the build-up curves are intention-

ally exaggerated since the simulation has been performed for a short

distance to the external proton spin (2.3 Å), and with the order

parameter for the interaction set to 1
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been extracted from the fits in ubiquitin and MSG, respec-

tively. The consistency between the measures of order

derived from 1H relaxation in 2Q-filtered (Tugarinov et al.

2007) and 3Q-filtered (Sun et al. 2011) relaxation violated

coherence transfer experiments and the values of S2
axis

obtained via more conventional approaches such as 13C and
2H relaxation, was demonstrated previously on the methyl-

protonated, highly deuterated samples of 6.5-kDa protein L at

5�C, 8.5-kDa ubiquitin at 10�C, 82-kDa MSG at 37�C and

360-kDa a7a7 proteasome at 50�C (Sun et al. 2011; Tugarinov

et al. 2007). Therefore, here we restrict our comparisons of

g0-derived S2
axis from the experiment in Fig. 2 (MQ; 3Q) to

the values obtained from the measurements of gHH via the

3Q-filtered relaxation violated coherence transfer experiments

(1H; 3Q; Sun et al. 2011). As shown in Fig. 5c, the S2
axis

values obtained for 29 methyls of ubiquitin from the g0 rates

are in almost ideal agreement with (1H; 3Q)-derived S2
axis. A

good agreement between the two sets of data is also obtained

for the parameter d that accounts for cross-relaxation between

the ‘fast’ and ‘slow’ coherences induced by external proton

spins in (5c) (Fig. 5e). As predicted from simulations

described above, the fitting of the parameter d (d\0 for all

methyl sites) is more error-prone—it is systematically, albeit

slightly, underestimated in the (MQ; 3Q) data due to residual

effects of J evolution during the relaxation delay T. In fact,

some residual J modulation of the |Ia/Ib| ratios can be dis-

cerned in the upper two build-up curves in Fig. 5a for longer

delays T.

Figure 5d illustrates the comparison between the (MQ;

3Q)-derived (g0 measurements) and (1H; 3Q)-derived (gHH

measurements) S2
axis values obtained for 31 Iled1 methyls of

{U-[2H]; Iled1-[13CH3]}-MSG. The good agreement

between the two sets of data indicates that the effects of

J evolution are largely eliminated by restricting the relax-

ation delay T to the values no longer than 6 ms. Correlations

of similar quality have been obtained in {U-[2H]; Iled1-

Fig. 5 Build-up curves of experimental intensity ratios, |Ia/Ib|,

obtained using the experiment of Fig. 2 for selected methyl groups

of a {U-[2H]; Iled1-[13CH3]; Leu,Val-[13CH3, 12CD3]}-labeled ubiq-

uitin (600 MHz, 10�C), and b {U-[2H]; Iled1-[13CH3]}-labeled MSG

(600 MHz, 37�C) best-fit to (6a). Insets in a and b show selected

regions of the ‘allowed’ 2D spectra acquired with T = 0 where the

peaks of at least one of the highlighted methyls of ubiquitin (a) and

MSG (b) is present; c–d Linear correlation plots of S2
axis values

obtained from the measurements of g0 using the experiment of

Fig. 2—y-axis, (MQ; 3Q) versus S2
axis derived from the previous

measurements of 1H–1H cross correlation rates—x-axis, (1H; 3Q)

(Sun et al. 2011) for c for 29 ILV methyls of {U-[2H]; Iled1-[13CH3];

Leu,Val-[13CH3,12CD3]}-ubiquitin, and d 31 methyl positions of

{U-[2H]; Iled1-[13CH3]}-MSG; e–f Linear correlation plots of the

parameter d (s-1) from the fits of |Ia/Ib| ratios obtained in the

experiment of Fig. 2—y-axis, (MQ; 3Q)—versus d extracted from

the fits of |Ia/Ib| ratios in the earlier 1H–1H cross-correlated relaxation

measurements—x-axis, (1H; 3Q) (Sun et al. 2011) for e 29 ILV

methyls of ubiquitin, and f 31 methyl groups of {U-[2H];

Iled1-[13CH3]}-MSG. In the MQ data-sets, S2
axis values are calculated

from the g0 rates using (2). Best-fit parameters from a linear

regression analysis of the data are shown along with Pearson

correlation coefficients, R. Diagonal lines correspond to y = x
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[13CH3]; Leu,Val-[13CH3,12CD3]}-labeled MSG, although

these measurements require even shorter maximal delays

T (B5 ms) to eliminate the effects of incomplete J refocus-

ing. We note that Iled1 methyls represent a more challenging

case in the 3Q-filtered relaxation violated coherence trans-

fer experiments because of their generally longer 1H

T1 relaxation times. For example, average Iled1 1H T1 of

1.6 s in Iled1-{13CH3}-MSG was reported previously

compared to 0.6 s for Leu/Val in {Iled1-[13CH3], Leu,

Val-[13CH3/12CD3]}-labeled sample (Tugarinov and Kay

2004b). The application of 1H spin-lock followed by a

‘purge’ element before the start of the recycle delay in the

scheme of Fig. 2 (Sun et al. 2011) equalizes the proton

magnetization ‘entering’ the pulse scheme in each individual

scan eliminating the effects of slow longitudinal 1H relaxa-

tion. Finally, the correlations obtained between (MQ; 3Q)

and (1H; 3Q)-derived parameters d in MSG (Fig. 5f) are

notably inferior to those of ubiquitin although they remain

quite high (Pearson R [ 0.95).

In summary, we developed a relaxation violated coher-

ence transfer NMR experiment where relaxation of MQ
1H–13C methyl coherences is monitored during the relax-

ation period. The experiment uses 3Q filtering of ‘forbid-

den’ proton transitions that has been shown recently to be

optimal for relaxation violated coherence transfer mea-

surements (Sun et al. 2011). The measurement of the sum

of 1H–1H and 1H–13C cross-correlated relaxation rates in
13CH3 methyls of methyl-protonated, highly deuterated

proteins and the associated modeling of the time-depen-

dence of the signal build-up, allow extraction of reliable

measures of methyl-containing side-chain order. The

described experiment is not as widely applicable as its

original 1H SQ relaxation-based analogue (Tugarinov et al.

2007; Sun et al. 2011). The range of its applications is

clearly limited to protein systems where the fast-relaxing

part of the 1H magnetization has not decayed completely

by the time the first relaxation point can be sampled—time-

point a in the scheme of Fig. 2. It cannot be expected,

therefore, that it can find applications to large proteins

significantly exceeding in molecular weight the ones

described in this study. Originally, the main rationale

behind the described approach was based on the fact that

the lines of the MQ methyl triplet are separated by the

(large) value of 1JCH. If 1JCH had not had to be refocused

during the relaxation delay T, this would have led to

reduced contributions from external proton spins, i.e. the

cross-relaxation between the ‘slow’ and ‘fast’ parts of

magnetization in (1) and (5a) could have been neglected.

The need for as complete refocusing of J as possible,

however, invalidates this ‘solution’. Nevertheless, as esti-

mated from the 2D spectra corresponding to the first time

point (T = 0) of the ‘allowed’ data sets, the measurements

of g0 are to within *5% as sensitive as the previously

published versions of the relaxation-violated coherence

transfer experiments. The new scheme will serve as a

valuable complement to existing NMR methodology for

the measurement of side-chain order in protein molecules

within *100 kDa molecular weight range.
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