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ABSTRACT:

Relaxation violated coherence transfer NMR spectroscopy has emerged as a powerful experimental tool for the quantitative
measurement of amplitudes of motion of methyl containing side-chains. Typically, the experiments, performed on proteins that are
highly deuterated and methyl-protonated, monitor the build-up of methyl 1H double-quantum magnetization. Because all three
protons in a methyl group are degenerate, such coherences can only result from differential relaxation of transverse magnetization
components, which in turn reflect the extent and time-scale of motion of the methyl probe [Tugarinov, V., Sprangers, R.; Kay, L.E.
J. Am. Chem. Soc. 2007, 129, 1743�1750].We show here that a 50% gain in the sensitivity of the experiment can be achieved through
selection of 1H triple-quantum coherence, thereby significantly increasing the utility of the approach. A theoretical treatment
rationalizes the sensitivity gain that is subsequently verified through experiment. The utility of the methodology is demonstrated on
a number of proteins, including the 360 kDa α7α7 “half-proteasome”.

’ INTRODUCTION

Methyl groups have emerged as important probes in NMR
studies of both protein structure and dynamics.1�6 Initial methyl
relaxation experiments, dating back to the pioneering studies
from the laboratories of W€uthrich,7 Gurd,8 and Sykes,9 were
based on 13C one-dimensional spectroscopy and were performed
on concentrated protein samples. In the intervening three de-
cades, the advent of multidimensional NMR spectroscopy10�14

and the development of new labeling schemes4,15�17 have led to
a significant increase in the range of protein systems that can be
investigated and the types of experiments that can be per-
formed.18,19 It is now possible to quantify the mobility of methyl
containing side-chains through the use of 2H, 13C and 1H spin
relaxation experiments that are specifically tailored to the labeling
approach that is used.3,6,20 For example, deuterium spin relaxa-
tion experiments have been developed formeasuring the decay of
longitudinal and in-phase transverse magnetization as well as

antiphase transverse, quadrupole order, and double quantum
terms using 13CH2D

21�23 or 13CHD2
23,24 methyl groups. These

experiments are powerful because the quadrupolar interaction
dominates to the point that other relaxation mechanisms, such as
those that are dipolar in origin, can be safely ignored.21�23,25 13C
methyl spin relaxation experiments have in turn exploited the
“two deuterons, one proton” labeling pattern26�30 (13CHD2),
which eliminates undesired 13C�1H dipole�dipole cross-corre-
lated relaxation effects that would otherwise complicate interpreta-
tion of 13C relaxation in 13CH3methyl groups.

31,32 Comprehensive
accounts of cross-correlated spin relaxation in methyl groups can
be found in papers by Werbelow and Grant33 and Vold and
Vold.34 In the case of 13C studies involving 13CHD2 methyls, the
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relaxation of interest arises mainly from intramethyl 13C�1H and
13C�2H dipolar contributions and to amuch smaller extent from
hydrogens at positions adjacent to the methyl of interest.27,28

Although interpretation of the relaxation data is thus necessarily
less straightforward than for deuterium, an advantage is the
considerably improved sensitivity (generally 3�5 fold).28�30,35

Additional approaches for quantifying motion in methyl
containing side-chains have emerged in the past several years
that exploit methyl 1H spin-relaxation in highly deuterated pro-
teins.6,36,37 These include the measurement of transverse relaxa-
tion rates of individual methyl 1H transitions.36 Alternatively, a
more sensitive approach relies upon the measurement of 1H�1H
dipolar cross-correlation rates, η, using coherence transfer via
relaxation,11,38,39 whereby methyl proton double-quantum (2Q)
(or so-called “forbidden”) coherences are created within a spin-
system where all the methyl protons are magnetically equivalent.37

Our interest in using intramethyl 1H�1H dipolar relaxation to
probe dynamics in proteins is somewhat pragmatic. Studies of
high-molecular-weight proteins most often begin with a highly
deuterated, 13CH3-methyl labeled sample (typically involving Ile
Cδ1, Leu Cδ, and Val Cγmoieties).16,29,40,41 Exploiting this label-
ing scheme in as many ways as possible is thus both efficient and
cost-effective, and indeed in recent years the forbidden 2Q relaxa-
tion experiment has been applied to a number of large protein
assemblies.3,29,42,43 Recent studies have shown that consistent
measures of side-chain order are obtained from methyl 1H, 13C,
and 2H experiments, although in the case of 1H relaxation studies
a requirement for proteins with tumbling times on the order
of ∼10 ns or larger (slow tumbling limit) has been noted.36,37

Because of the importance of the 13CH3 methyl probe in
relaxation studies, we have revisited some of our earlier experi-
ments37 in the hope of developing new approaches that offer
significant improvements in sensitivity. We find that a scheme
exploiting the creation of methyl 1H triple-quantum (3Q )
coherence from 1H�1H dipolar cross-correlated spin relaxation
is 50% more sensitive than the corresponding 2Q-based experi-
ment. Interestingly, such sensitivity gains are in direct contrast to
expectations based on the relative efficiencies of excitation of 2Q
and 3Q coherences in an AMX spin system resulting from
evolution due to scalar couplings where the sensitivity of the
pQ data set scales as 2�p.11,44 The predicted sensitivity gain is
verified experimentally on a number of protein systems including
82 kDa malate synthase G (MSG),18,45 highly deuterated and
labeled with 13CH3 groups at Ile

δ1 methyl positions and a highly
deuterated 360 kDa α7α7 “half-proteasome” sample29 labeled

with 13CH3 methyls at Ileδ1, Leuδ, and Valγ methyl sites. The
utility of dynamics measurements using the forbidden 3Q scheme
reported here is established by cross-validation of the extracted
methyl axis order parameters with those obtained from other
more established experiments.

’MATERIALS AND METHODS

NMR Samples. Several protein systems have been used in this
study, including (i) {U-[15N,2H]; Ileδ1-[13CH3]; Leu,Val-
[13CH3,

12CD3]}-labeled B1 immunoglobulin binding domain
of peptostreptoccocal protein L (7.5 kDa), (ii) {U-[15N,2H];
Ileδ1-[13CH3]; Leu,Val-[

13CH3,
12CD3]}-labeled human ubiqui-

tin (8.5 kDa), (iii) {U-[15N,2H]; Ileδ1-[13CH3]}MSG (82 kDa),
and (iv) {U-[15N,2H]; Ileδ1-[13CH3]; Leu,Val-[

13CH3,
12CD3]}-

labeled half-proteasome α7α7 (360 kDa). All samples were pre-
pared as described in detail previously29,46�48 using [U�2H]-
glucose as the main carbon source and the appropriate α-keto-
acid precursors for selective methyl labeling.16,49 Sample condi-
tions were 1.4 mM protein L, 99.9% D2O, 50 mM sodium
phosphate, pH 6.0 (uncorrected); 1.2 mMubiquitin, 99.9%D2O,
25 mM sodium phosphate, pH 6.8 (uncorrected), 0.05% NaN3;
0.5 mM MSG, 99.9% D2O, 25 mM sodium phosphate, pH 7.1
(uncorrected), 20 mM MgCl2, 0.05% NaN3, 5 mM DTT;
0.14 mM α7α7 (concentration of complex), 99.9% D2O,
25 mM potassium phosphate, pH 6.8 (uncorrected), 50 mM
NaCl, 1 mM EDTA, 0.03% NaN3 and 2 mM DTT.
NMR Experiments and Data Analysis. Experiments on

protein L (5 �C) and α7α7 half-proteasome (50 �C) were
performed on an 800 MHz Varian Inova spectrometer equipped
with a room-temperature probehead, while NMRmeasurements
on ubiquitin (10 �C) and MSG (37 �C) were carried out at
600 MHz using a Bruker Avance III spectrometer with a room-
temperature triple-resonance probe. All NMR spectra were pro-
cessed and analyzed using the NMRPipe/NMRDraw suite of
programs and associated software.50 Intramethyl 1H�1H dipolar
cross-correlated relaxation rates η have been obtained by fitting
ratios of peak intensities measured in pairs of data sets recorded
as a function of relaxation time,T, (see Figure 2 below and Figure
3 of Tugarinov et al.37) to the equation described in the text.
Errors in the extracted values of η were generated by a Monte
Carlo analysis51 using random noise in the spectra as an estimate
of experimental uncertainties in peak intensities.
The time dependencies of peak intensities in the η cross-correlation

rate measurements (for both forbidden 2Q and 3Q experiments)

Figure 1. Energy level diagram for the X3 spin-system of a (C)H3 methyl group. Slow(fast)-relaxing allowed transitions are shown with red(blue) solid
arrows and labeled as R2,H

S (R2,H
F ). Multiple-quantum (forbidden) proton transitions are shown with green dashed arrows. The 1H eigenstates are

depicted by |i,j,kæ (i,j,k ∈ {α,β}).
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were monitored using the following sets of relaxation delays T:
(2, 7, 12, 17, 22, 27, 32, 37, 42) ms for protein L at 5 �C, (4, 8, 12,
16, 20, 24, 28, 32, 37, 41, 44, 48)ms for ubiquitin at 10 �C, (0.8, 2,
3, 4, 6, 8, 10, 14) ms for MSG at 37 �C and (0.4, 0.7, 1, 1.5, 2, 3, 4,
5, 6, 7, 8, 10) ms for the α7α7 half-proteasome at 50 �C. All
measurements were performed in an interleaved mode, whereby
FIDs for the “allowed” data set (referred to in what follows as
“b”) and for the forbidden data set (“a”) at a given value of the
relaxation delayT and t1 evolution timewere recorded one after the
other. Typically, recovery delays of 1.5 s and 24 scans/fid were
employed resulting in net acquisition times of approximately 4 h for
each pair of forbidden and allowed data sets.
Extraction of methyl 3-fold axis order parameters, Saxis

2 , from
relaxation data requires knowledge of the protein’s overall
molecular tumbling time (τC). A τC value of 10.2 ns (assumed
isotropic) has been used for protein L in D2O at 5 �C,37,52 while
the correlation time of ubiquitin (D2O; 10 �C) determined
previously in H2O at 10 �C from 15N relaxation data53 has been
scaled by the ratio of D2O/H2O viscosities,54 τC(D2O) = [η

D2O/
ηH2O]τC(H2O) = 8.9 ns (again assumed isotropic). The values of
the diffusion tensor for MSG (D2O; 37 �C) were estimated as
described previously,23,36 with τC,eff = (2D ) + 4D^)

�1 = 49 ns,
diffusion anisotropy D )/D^ = 1.21, and polar angles θ = 13�, ϕ =
48� describing the orientation of the unique diffusion axis relative
to the inertia frame. In the case of the α7α7 half-proteasome at
50 �C, an isotropic τC value of 109 ns was used in all calculations
as in previous studies.37

’RESULTS AND DISCUSSION

Creating 3Q 1H Coherences in an X3 Spin-System. Before
describing the experimental scheme for extracting methyl Saxis

2

values from the time-dependence of the build-up of forbidden
3Q 1H coherences, we briefly summarize the basic features of an
X3 energy level diagram that are necessary for understanding the

approach that we use. Further details have been provided in a
previous publication.37 Figure 1 shows the energy level diagram
for a (C)H3methyl group. Although the 13C spin is important for
providing an “extra dimension” to resolve methyl groups in
complex spectra and for exploiting a methyl-TROSY effect that
improves the sensitivity of correlations in high-molecular-weight
proteins via cross-correlated spin relaxation,48 it is “not required”
for the excitation of 3Q 1H coherences and will therefore not be
included in the discussion that follows. Assuming an “isolated”
methyl group attached to amacromolecule with very rapid rotation
about the methyl 3-fold axis, it has been shown that relaxation of
each of the 1H single-quantum (SQ ) transitions occurs in a single-
exponential manner, with fast (R2,H

F , shown with blue arrows in
Figure 1) or slow (R2,H

S , red arrows) rates.38,39,48 It has also been
shown that differences in R2,H

F and R2,H
S derive from intramethyl

1H�1H dipolar cross-correlated relaxationwith a rate,η, given by37

η ¼ RF
2, H � RS

2, H

2
≈

9
10

μo
4π

� �2

½P2ðcos θaxis, HHÞ�2 S
2
axisγ

4
Hp

2τc
r6HH

ð1Þ
In eq 1, τC is the global molecular tumbling time, μ0 is the vacuum
permittivity constant, γH is the gyromagnetic ratio of a proton spin,
rHH is the distance between pairs of methyl protons (1.813 Å),27,36

Saxis is the generalized order parameter describing the amplitude of
motion of themethyl 3-fold axis, P2(x) = 1/2(3x

2�1), andθaxis,HH
is the angle between the methyl 3-fold axis and a vector connecting
a pair of methyl 1H nuclei.
Figure 2 shows the pulse scheme that has been derived to

measure η and hence quantify Saxis values based on the creation
of 3Q coherences. We initially concentrate on the portion of the
sequence between points a�c that is the “business end” of the
experiment using phases for the first three 90� 1H pulses of ϕ1 = y,
ϕ2 = x, and ϕ3 = x and retain only terms of interest that

Figure 2. Optimized pulse scheme for the measurement of intramethyl 1H�1H dipolar cross-correlated relaxation rates, η = (R2,H
F � R2,H

S )/2, with
selection of forbidden 3Q transitions. The scheme with the open 1H pulse included at point b is used to measure the build-up of 3Q coherences during
the relaxation delay T (resulting in correlations with intensities Ia), while a second experiment is recorded to measure the biexponential decay of 1H SQ
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 Ileδ1-Leu-Val methyl region, 0.7 ppm, while the 13C carrier is
positioned at 12(19) ppm for Ileδ1(ILV)-labeled samples. All 1H and 13C pulses are applied with the highest possible power, with WALTZ-1659 13C
decoupling achieved using a 2 kHz field. A 40 ms 1H spin-lock field (10 kHz, y-axis) is applied after acquisition (‘SLy’). This “SLy” and the subsequent
1H purge eliminates all transverse components of magnetization. Delays are τa = 1/(41JCH) = 2.0 ms; τb = 1/(81JCH) = 1 ms; T is a variable relaxation
delay. The phase cycle is ϕ1 = (0�,60�,120�,180�,240�,300�); ϕ2 = (ϕ1 + 90�); ϕ3 = 6(y),6(�y); ϕ4 = 12(x),12(�x); ϕ5 = 6(y),6(�y); ϕ6 = x; ϕ7 =
6(x),6(�x); rec. = 6(x,�x),6(�x,x) (3Q forbidden experiment), and ϕ1 = x,�x; ϕ3 = 2(y),2(�y); ϕ4 = 8(x),8(�x); ϕ5 = 4(y),4(�y); ϕ6 = x; ϕ7 =
8(x),8(�x); rec. = 4(x,�x),4(�x,x) (allowed experiment). The durations and strengths of pulsed-field z-gradients in units of (ms; G/cm) are g1 =
(1; 40), g2 = (0.05;�20), g3 = (0.5; 20), g4 = (0.15; 12), g5 = (1.2;�24), g6 = (0.6;�24). Quadrature detection in F1 is achieved via STATES-TPPI

60

of phase ϕ6. The phase cycle used for 2Q selection is ϕ1 = (x,y,�x,�y); ϕ2 = ϕ1; ϕ3 = 4(x),4(�x); ϕ4 = 8(x),8(�x); ϕ5 = 4(y),4(�y); ϕ6 = x; ϕ7 =
8(x),8(�x); rec. = 2(x,�x),4(�x,x),2(x,�x).37 Note thatC = 3/4 (3Q) and 1/2 (2Q) in eq 7 assumes that the same number of transients is recorded for
the “a” and “b” experiments. Since Ia < Ib additional scans are typically obtained for “a”, in the case whereNa andNb scans are recorded for experiments
“a” and “b” then C must be multiplied by Nb/Na prior to fitting the data with eq 7.
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ultimately contribute to the observed signal (i.e., that survive the
complete phase cycle).
Transverse 1H magnetization, created by the first 90� pulse at

point a of the scheme, evolves for a period T. The differential
relaxation of the fast and slowly relaxing components, corre-
sponding to the blue and red transitions of Figure 1, respectively,
facilitates the creation of 3Q coherences through the application
of the second 90� pulse (“open”, phase ϕ2)

F3Qb ¼ 3
4
½expð � RS

2, HTÞ � expð � RF
2, HTÞ�½j1i 4j þ j4h i 1j�h

ð2Þ
In eq 2, Fb

3Q is the density matrix that, for simplicity, includes only
the 3Q transitions |1æÆ4| and |4æÆ1|, where |iæÆj| is a coherence
connecting states |iæ and |jæ (see legend to Figure 1). Clearly in
the limit that R2,H

F = R2,H
S , Fb

3Q = 0 and 3Q coherences cannot be
created.
The remaining portion of the pulse scheme is effectively an

HMQC55,56 sequence with a “purge” element (between points d
and e) that eliminates the rapidly relaxing 1H�13C multiple
quantum coherences, so that only the slowly relaxing compo-
nents are retained, as described previously.37 Thus, immediately
prior to acquisition, the density matrix of interest is given by

FSQ ¼ 9
16
½expð � RS

2, HTÞ

�expð � RF
2, HTÞ� cosðωCt1Þ½j2i 3j þ j3h i 2j�h ð3Þ

where |2æÆ3| and |3æÆ2| are slowly relaxing 1H SQ coherences
(rate R2,H

S ), and ωC is the Larmor frequency of the methyl 13C
spin of interest. Terms proportional to sin(ωCt1) are also
generated in subsequent scans so that quadrature in F1 can be
obtained. Thus, correlations are obtained at (ωC, ωH) with
intensities, Ia,

Ia ¼ A
9
8
½expð � RS

2, HTÞ � expð � RF
2, HTÞ� ð4Þ

where A is a constant that takes into account relaxation during τa,
τb, t1, and t2. It is worth noting that only magnetization from the
3/2 manifold of Figure 1 is retained in the experiment because
3Q coherences cannot be excited from the two I = 1/2manifolds.
In order to obtainη values, a second experiment is performedwith

the 90o 1Hpulse of phaseϕ2 removed (referred to as experiment “b”).
Only SQcoherences are of interest, including those fromboth I=3/2
and I = 1/2manifolds, and it has been shown previously37 that in this
case the intensities of correlations are given by

Ib ¼ A
3
2
½expð � RS

2, HTÞ þ expð � RF
2, HTÞ� ð5Þ

with the same constant of proportionality (A) as for Ia. It follows,
therefore, that�����IaIb

����� ¼ 3
4
tanhðηTÞ ð6Þ

and the values of η are obtained directly from ratios of peak
intensities in the two experiments.
In the discussion above, we have assumed that the methyl

group is isolated so that there are no relaxation contributions
from external spins (i.e., protons on other methyl groups). This is
of course not the case. Taking into account relaxation from

external 1H spins, as described in detail previously,37 it has been
shown that�����IaIb

����� ¼ C
η tanhð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η2 þ δ2

p
TÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

η2 þ δ2
p

� δ tanhð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η2 þ δ2

p
TÞ

ð7Þ

where C = 3/4 in this case and δ (<0) accounts for coupling
between the rapidly and slowly decaying 1H SQ coherences due
to relaxation with external protons. In order to minimize the
effects of external relaxation, it is advisible to work with highly
deuterated proteins, with protonation confined only to methyl
positions and with only one of the two isopropyl groups of Val
and Leu residues protonated.49

Comparison of Forbidden 3Q and 2Q Experiments. A
strong motivation for the present study was to develop an
experiment with improved sensitivity relative to the 2Q scheme
that we proposed several years earlier.37 A calculation similar to
that presented above has already been given for the ratio |Ia/Ib| in
the 2Q experiment, where eq 7 is obtained with C = 1/2.37 Thus,
while it is clear that the 3Q scheme is 1.5 fold more sensitive (and
we demonstrate this experimentally below), it is of interest to
understand from where the extra signal is derived.
The efficiency of excitation of 3Q 1H coherences relative to 2Q

1H coherences in an X3 spin system can be calculated from eq 2
and the corresponding expression for the density matrix that
considers the 2Q terms that was derived previously,37

F2Qb ¼
ffiffiffi
3

p
4
½expð � RF

2, HTÞ

� expð � RS
2, HTÞ�½ � j1æ 3j � j3h i 1j þ j2h i 4j þ j4h i 2j�h

ð8Þ
Note that both Fb3Q andFb2Q are expanded over an orthogonal basis,
Bij = |iæÆj|, such that Tr{BijBkl

+}= δikδjl, where “Tr” is the trace
operator, “+” indicates transpose, and δab = 1(0) if a = b(a 6¼ b).
Sørensen57 has shown that the efficiency of a transfer step from a
starting density matrix Finitial=Σi,jbij

initialBij to a final state Ffinal=Σi,j-
bij
finalBij, E, is then given by E = ( )Ffinal ))/( )Finitial )), where
( )F ))=(∑i,jbij2)1/2. It can, therefore, be shown that

ESQ f 3Q

ESQ f 2Q
¼

�����F3Qb
����������F2Qb
�����
¼

ffiffiffi
3
2

r
ð9Þ

so that excitation of 3Q coherences from the SQ density elements
that evolve during T in Figure 2 is (3/2)1/2 more efficient than the
process of exciting 2Q coherences. In a similar manner, it is
straightforward to show that the transfer from 3Q coherences to
observable magnetization, corresponding to the slowly relaxing 1H
SQ coherences that derive from the 3/2 manifold (see Figure 1), is
alsomore efficient than for 2Q in the sense thatE3QfSQ/E2QfSQ =
(3/2)1/2. The net relative transfer efficiency is given by the product
of the relative efficiencies over each of the two steps, SQfnQ and
nQfSQ (n = 2,3),

ESQ f 3Q

ESQ f 2Q

 !
E3Q f SQ

E2Q f SQ

 !
¼ 1:5 ð10Þ
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that is, of course, consistent with the fact that C in eq 7 is 3/4 and
1/2 for the 3Q and 2Q experiments, respectively. Thus, the
forbidden 3Q experiment is predicted to be 50% more sensitive
than the corresponding 2Q analogue.
This predicted increase in sensitivity, verified in the subse-

quent section, is also observed in a comparison of 3Q versus 2Q
spectra of an aligned spin-3/2 particle where the excitation of the
multiple quantum coherence of interest derives from the nonzero
quadrupolar splitting rather than from spin relaxation.58 This is
quite different from what is observed for an AMX spin system.
Here, cross-peaks in a 2Q-filtered COSY experiment are 2-fold
more intense than the corresponding correlations in a 3Q-filtered
data set, with the intensity scaled, generally, in proportion to 2�p

where p is the coherence order.11,44

Experimental Verification. In order to establish that the 3Q-
filtered experiment is 50%more sensitive than the corresponding
2Q scheme and to further illustrate the utility of the 3Q pulse
scheme in studies of protein dynamics, we have recorded both
2Q and 3Q experiments on a variety of different protein systems
ranging in correlation times from approximately 10 to 110 ns.
Figure 3 plots experimental intensity ratios, |Ia/Ib|, as a function
of relaxation delay T obtained from correlations in 3Q (upper
curves) and 2Q data sets. In Figure 3a�c selected residues from

{U-[2H; 15N]; Ileδ1-[13CH3]; Leu,Val-[
13CH3,

12CD3]}-ubiqui-
tin (10 �C, 3a), {U-[2H; 15N]; Ileδ1-[13CH3]}-MSG (37 �C, 3b),
and {U-[2H; 15N]; Ileδ1-[13CH3]; Leu,Val-[

13CH3,
12CD3]}-α7α7

half-proteasome (50 �C, 3c) are highlighted.
Figures 3a-c establish that the intensity ratios |Ia(3Q)/Ib| are

larger than |Ia(2Q)/Ib|, as expected from eq 10. Average values of
Ia(3Q)/Ia(2Q) are 1.48 ( 0.02, 1.49 ( 0.02, 1.48 ( 0.03 and
1.47 ( 0.05 for protein L, ubiquitin, MSG, and α7α7, respec-
tively, in good agreement with the expected ratio of 1.5. Values of
η have been extracted from fits of the experimental |Ia/Ib| ratios
to eq 7 with C = 3/4 (3Q) and 1/2 (2Q). Average η rates ((1
standard deviation) of 21 ( 7 (protein L), 20 ( 6 (ubiquitin),
107 ( 29 (MSG) and 232 ( 98 s�1 (α7α7) are fitted from the
3Q Ia/Ib profiles that are in good agreement with the correspond-
ing set of rates, 22 ( 7, 20 ( 6, 105 ( 30, and 234 ( 101 s�1

obtained from the 2Q-filtered experiments.
S2axis values have been computed directly from η using eq 1

and values of τC listed in theMaterials andMethods. Figure 3d�f
shows that excellent correlations are obtained for S2axis values
derived from data sets recorded using 3Q and 2Q versions of the
forbidden experiment for ubiquitin, MSG, and α7α7, and corre-
lations of very similar quality are obtained for protein L as well. In
previous studies we have shown that there is excellent agreement

Figure 3. (a�c) Plots of experimental |Ia/Ib| versus relaxation delay T, for selected residues from ubiquitin, MSG, and α7α7 as described in the text.
Data from both 2Q and 3Q experiments are shown, with intensities Ia obtained from the 3Q(2Q) forbidden experiment in the upper(lower) curves.
Shown also are best fits (solid lines) to eq 7 with C = 3/4 for 3Q and C = 1/2 for 2Q selection, normalized as appropriate to take into account different
numbers of scans in the “a” and “b” experiments (see legend to Figure 2). (a) Leu8δ1 (blue) and Leu71δ1 (red) methyl groups of {U-[2H;15N];
Ileδ1-[13CH3]; Leu,Val-[

13CH3,
12CD3]}-ubiquitin (600MHz; 10 �C). (b) Ile109δ1 (blue) and Ile147δ1 (red) methyls of {U-[2H;15N]; Ileδ1-[13CH3]}-

MSG (600 MHz; 37 �C). (c) Leu112δ2 (blue) and Leu201δ1 (red) methyl groups of the {U-[2H;15N]; Ileδ1-[13CH3]; Leu,Val-[
13CH3,

12CD3]}-α7α7

half-proteasome (800MHz; 50 �C). Insets show selected regions of spectra containing one of the two highlighted methyls. (d-f) Linear correlation plots
of S2axis values obtained using the 3Q version of the forbidden experiment in Figure 2 (y-axis; 1H 3Q) and the forbidden 2Q scheme (x-axis; 1H 2Q). (d)
ILV methyls of ubiquitin (29 peaks), (e) Ileδ1 methyls of MSG (30 peaks) and (f) ILV methyls of the α7α7 half-proteasome (74 peaks). Best-fit
parameters from linear regression analyses of the data are shown along with Pearson correlation coefficients, R. Diagonal lines correspond to y = x.
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between order parameters obtained from the 2Q 1H-based relaxation
experiment and experiments exploiting either 13C or 2H spin
relaxation.36,37The excellent agreementbetween2Q- and3Q-derived
order parameters in Figure 3d�f thus argues strongly that robust
measures of dynamics can be obtained from the 3Q experiment
presented in Figure 2 as well. As a further illustration, a linear
correlation plot of S2axis values obtained from analyses of a 3Q data
set (x-axis) and 2H spin relaxation rates using [13CH2D]-labeled
Leuδ and Valγ methyl groups (y-axis) of ubiquitin (10 �C) is
presented in Figure 4a, while the correlation for Ileδ1 methyls of
MSG (13CHD2 isotopomers are measured in the 2H experi-
ments23,28) is illustrated in Figure 4b. Very good correlations are
obtained in both cases with Pearson correlation coefficients R > 0.98.
Concluding Remarks. A 3Q-based pulse scheme has been

presented for quantifying methyl axis order parameters in highly
deuterated, methyl-protonated proteins. Remarkably, the inher-
ent sensitivity of the 3Q experiment exceeds that of the 2Q
version by 50%. The origin of the sensitivity gain is explained, and
the improved sensitivity of the experiment is subsequently demon-
strated through measurements on a number of different protein
systems, ranging from∼10 to 360 kDa inmolecularmass. Excellent
correlations between extractedmethyl S2axis values from3Qand2Q
data sets and from 3Q and 2H spin relaxation measurements have
been obtained, establishing the utility of the approach. The
methodology presented further increases the scope of methyl
groups as probes of dynamics in proteins, including systems with
high molecular weights that have traditionally been challenging to
study quantitatively by solution NMR spectroscopy.
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