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Abstract Selective methyl labeling combined with

HMQC spectroscopy that exploits a TROSY effect in 13CH3

spin systems has significantly extended the utility of solution

NMR spectroscopy in studies of high molecular weight

particles. Herein we compare the utility of 13CH3- versus
13CHD2-labeling of Ile, Leu, Val probes in supra-molecular

systems through quantification of relative signal-to-noise

ratios in optimized spectra of highly deuterated, 13CH3- and
13CHD2-labeled samples of the half proteasome (a7a7,

360 kDa). It is shown that the sensitivity of spectra recorded

on Ile, Leu, Val 13CH3-labeled samples is between 1.5 and 2

fold higher than the corresponding data sets obtained on a7a7

with 13CHD2 probes. Thus, labeling of supra-molecules with
13CH3 isotopomers remains the method of choice, but in

applications where 13CHD2 moieties are required, sensitiv-

ity will in general not be limiting.

Keywords Methyl-TROSY � Methyl labeling �
Sensitivity � HSQC � HMQC � Proteasome

Introduction

Over the past several years it has become increasingly clear

that methyl groups are very valuable NMR probes of supra-

molecular structure and dynamics (Tugarinov et al. 2004).

A significant number of applications involving suitably

methyl-labeled protein systems ranging in molecular

weight up to 1 MDa have emerged (Amero et al. 2009;

Gelis et al. 2007; Hamel and Dahlquist 2005; Isaacson

et al. 2007; Kreishman-Deitrick et al. 2005; Religa et al.

2010; Sprangers et al. 2005; Sprangers and Kay 2007;

Velyvis et al. 2009; Velyvis et al. 2007), providing

important insight into function and complementing existing

data derived from X-ray or cryo-EM analyses. All of these

NMR studies are based on experiments utilizing HMQC

‘building blocks’ (Bax et al. 1983; Mueller 1979) that

exploit a TROSY effect in which cancellation of intra-

methyl dipolar interactions occurs (Tugarinov et al. 2003).

By producing samples with 13CH3 isotopomers and high

levels of deuteration at all other positions it is possible to

obtain spectra of high resolution and sensitivity that can

then be used in a wide range of studies (Tugarinov and Kay

2005a). Our laboratory has shown that in cases where

isopropyl methyl groups are utilized (such as for Leu and

Val) it is best to label samples as U-[2H]-Leu,Val-

[13CH3,12CD3] so that only one of the two methyl groups is

NMR active, thus minimizing inter-methyl relaxation that

would otherwise deteriorate the quality of the data

(Tugarinov and Kay 2004). To date most applications have

made use of either U-[2H], Ile-[13CH3 d1] or U-[2H], Ile-

[13CH3 d1], Leu,Val-[13CH3,12CD3] labeling, although

both Met-13CH3 (Fischer et al. 2007; Gelis et al. 2007) and

Ala-13CH3 (Amero et al. 2009; Isaacson et al. 2007) methyl

groups are also sometimes employed.

As described in detail elsewhere, intra-methyl dipolar

relaxation during the t1 period of the 13C-1H HMQC

scheme is completely eliminated for a coherence transfer

pathway that involves 50% of the magnetization and 1H-1H

dipolar relaxation contributions for this pathway are also

removed during t2 (Tugarinov et al. 2003). Several years
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ago we were interested in establishing whether labeling

using 13CHD2 moieties would also give rise to high quality

spectra since relaxation from 1H-1H dipoles would be

eliminated de facto. We showed, in the case of highly

deuterated malate synthase G (MSG, 723 residues, 80 kDa)

produced only with Ile-[13CH3 d1] probes, that significant

increases in spectral sensitivity (approximately three-fold,

see below) could be achieved when methyl groups of the
13CH3 variety are employed versus 13CHD2 isotopomers

(Ollerenshaw et al. 2005). Although high quality Ile 13C-1H

spectra were obtained using 13CHD2 probes, the decrease

in the number of 1H spins and the concomitant increase in
1H T1 relaxation times relative to a protein where Ile res-

idues are labeled 13CH3 results in a significant negative

effect on signal-to-noise (s/n) in data sets.

The MSG study focused only on an Ile labeled protein

whose size, while certainly large by the standards of sev-

eral years ago, must be considered small relative to the

molecular machines that are the focus of some NMR

efforts now. With this in mind, herein we revisit 13CH3

versus 13CHD2 labeling using samples of the half protea-

some, comprised of two heptameric rings of identical

a-subunits (a7a7) with a molecular weight of 360 kDa

(120 ns correlation time at 50�C (Sprangers and Kay

2007)) that is more ‘in line’ with the supra-molecular

systems that currently are under study by a number of

groups. Specifically, we are interested in comparing the

quality of 13C-1H correlation maps recorded on samples

with Ile, Leu and Val probes, since the increased number of

labels is often necessary to get good ‘coverage’ over the

entire molecule. To this end U-[2H], Ile-[13CH3 d1],

Leu,Val-[13CH3,12CD3] and U-[2H], Ile-[13CHD2 d1],

Leu,Val-[13CHD2,13CHD2] a7a7 samples have been pre-

pared. A priori it is not clear which of these two labeling

schemes would be preferred. As we show below, high

quality spectra can be recorded of samples where both of

the isopropyl methyl groups of Leu and Val are labeled
13CHD2, an advantage relative to the 13CH3 labeling

scheme where high resolution data sets are best recorded if

labeling is restricted to only 1 of the 2 methyl groups

(Tugarinov and Kay 2004). Moreover, the larger 1H density

associated with a 13CHD2-labeling scheme that includes all

Ile, Leu and Val probes, especially in the case where both

(proximal) prochiral methyls are 13CHD2 would be

expected to reduce longitudinal relaxation times and hence

improve spectral sensitivity (relative to labeling specific to

Ile, for example). Based on a careful analysis of spectra we

show here that significant differences in sensitivity, on the

order of a factor of 1.5–2, are obtained in favor of 13CH3-

probes when Ile-[d1], Leu, Val labeled a7a7 is considered.

These results establish that 13CH3 methyl labeling remains

the method of choice in studies of supra-molecular sys-

tems, but that in applications where 13CHD2 labeling is

preferred, such as in studies of methyl dynamics via 13C

relaxation (Ishima et al. 1999; Tugarinov and Kay 2005b),

sensitivity loses will not be prohibitive.

Materials and methods

U-[2H], Ile-[13CH3 d1], Leu,Val-[13CH3,12CD3] and U-[2H],

Ile-[13CHD2 d1], Leu,Val-[13CHD2,13CHD2] a7a7 samples

were generated as described previously (Sprangers and Kay

2007). Samples comprising 0.6 mM protein were prepared

in 100% D2O, 25 mM potassium phosphate pH 6.8, 50 mM

NaCl, 1 mM EDTA, 0.03% NaN3. In order to quantify

the relative amounts of protein in each of the samples

Met-13CH3 was added to growth media approximately 1 h

prior to induction of protein over-expression (100 mg/L)

to produce samples that included Met-methyl labeling as

well.

In order to establish which of the possible 13C-1H cor-

relation spectra would be optimal for recording spectra of

Ile, Leu, Val 13CHD2-labeled proteins we have evaluated

the relative s/n ratios of correlations in unenhanced-HSQC

(Bodenhausen and Rubin 1980), PEP-enhanced HSQC

(Cavanagh and Rance 1993) and TROSY-HSQC (Pervu-

shin et al. 1997) data sets. Spectra were recorded with

relaxation delays of 2 s, and with acquisition times of

(30 ms, 64 ms) in (t1,t2), followed by a two-fold extension

of the t1 domain using linear prediction (Zhu and Bax

1992). Relative s/n values were calculated for each peak in

a pair of data sets as N jSi

NiS jwhere Si is a peak intensity and Ni

is the noise floor in data set i. In a similar manner, a

number of experiments were evaluated for optimal s/n for

Ile, Leu, Val-13CH3 labeling. These included a standard

HMQC [excitation pulse of 90� (Bax et al. 1983; Mueller

1979)] as well as SOFAST HMQC [excitation pulse 60�,

either methyl selective or non-selective (Amero et al.

2009)]. Data sets were recorded with relaxation delays of

1 s (standard HMQC) or 0.5 s (SOFAST), as discussed in

the text, with (t1,t2) = (30 ms, 64 ms) and with the number

of transients adjusted so that net acquisition times were

identical. Time domain spectra were doubled by linear

prediction (t1) and subsequently processed identically. Data

sets recorded on 13CH3 and 13CHD2 samples were nor-

malized for small differences in protein concentrations by

quantifying s/n ratios of Met correlations in HMQC spectra

obtained with relaxation delays of either 4 or 8 s. Identical

ratios were obtained for both recovery delays. Based on

analysis of s/n values, SOFAST and PEP-HSQC where

chosen as the ‘optimal’ experiments for recording corre-

lation maps of 13CH3- and 13CHD2-labeled a7a7, respec-

tively. SOFAST and PEP-HSQC spectra were obtained

for comparing s/n ratios, using acquisition parameters

as described above, with equal net recording times
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(1.7 h/spectrum). In all of the above analyses s/n values

were quantified only for well-resolved correlations; in total

16, 30, and 29 Ile, Leu and Val methyl groups were used.

Relaxation rates of the relevant coherences for each of the
13C-1H correlation data sets were measured using pulse

schemes that follow directly from those described previ-

ously with very minimal modifications (Ollerenshaw et al.

2005). Values of 1H R1 (13CH3, 13CHD2), 13C single-quan-

tum R2 (13CHD2), 13C single-quantum TROSY component

R2 (13CHD2), 1H-13C slowly relaxing multiple-quantum

relaxation rate (13CH3), 1H single-quantum R2 (13CHD2), 1H

single-quantum TROSY component R2 (13CHD2) and 1H

slowly relaxing transverse rate (13CH3) were quantified on a

per-residue basis. Values of all rates for a7a7 (50�C,

800 MHz), separated according to residue type (Ile, Leu and

Val), are reported in Supporting Information (SI).

Results and discussion

A quantitative analysis of the relative s/n of correlations in

data sets recorded on two separate samples can only be

performed if protein concentrations are known accurately. In

the studies reported here this was achieved by labeling all

samples with 1H,13Ce-Met and comparing volumes of Met

methyl correlations in spectra recorded under fully relaxed

conditions. Such an analysis established that U-[2H],

Ile-[13CH3 d1], Leu,Val-[13CH3,12CD3] and U-[2H],

Ile-[13CHD2 d1], Leu,Val-[13CHD2,13CHD2] a7a7 samples

used here differed in protein concentration by only 2% and

this difference was corrected for in all sensitivity ratios

reported herein.

Figure 1 shows selected regions from (a) 13C-1H HMQC

(13CH3 probes) and (b) sensitivity enhanced 13C-1H HSQC

(13CHD2) maps of a7a7, 800 MHz, 50�C (sample concen-

trations of 0.6 mM in monomer; measuring times of 1.7 h

using a room-temperature probe). It is clear that both data

sets are of very high quality so that the relative sensitivities

of correlations can be accurately quantified. Before this can

be accomplished, however, it is first necessary to establish

which of several different possible 13C-1H correlation

experiments is the most sensitive for each of the labeled

samples. In the case of 13CHD2-a7a7 we have considered

(i) unenhanced HSQC (Bodenhausen and Rubin 1980),

(ii) PEP-HSQC (Cavanagh and Rance 1993) and (iii)

TROSY-HSQC (Pervushin et al. 1997). The PEP scheme

was recorded without gradient coherence transfer selection

as this requires the insertion of several additional small

delays into the pulse scheme to account for the coherence

selection gradients that may decrease the sensitivity of the

experiment slightly.

Figure 2 shows the relative s/n ratios of correlations in

each of the recorded data sets. The PEP scheme is the most

sensitive but it is important to note that the relative sen-

sitivities of the experiments will depend somewhat on the

experimental parameters. Measured 13C and 1H transverse

relaxation rates are presented in Supporting Information

that provides some guide as to optimal selection of

acquisition parameters. As described in ‘‘Materials and

methods’’ we have chosen a t1 acquisition time of 30 ms

that is subsequently doubled by linear prediction. This is a

reasonable compromise between sensitivity and resolution,

with average 13C single quantum T2 values ranging

between 25 and 40 ms (13CHD2), 1H-13C multiple-quan-

tum values between 30 and 40 ms (13CH3) and 13C TROSY

T2 values of approximately 60 ms (13CHD2, 800 MHz).

Resultant spectra are of sufficiently high resolution to

resolve the great majority of correlations. Clearly the rel-

ative sensitivity of the TROSY experiment grows with

increasing t1 acquisition times, although out to 50 ms there

are still sensitivity advantages for the PEP method for Ile

residues, with similar s/n ratios for both Leu/Val (PEP

HSQC vs. TROSY), at least at 800 MHz. It is noteworthy,

however, that as static magnetic fields increase the TROSY

approach likely will be the method of choice for recording

spectra of proteins prepared with 13CHD2 methyl labeling,

especially in cases where resolution becomes critical.

An advantage with the 13CHD2 label is that both isopro-

pyl methyls of Val and Leu can be NMR active without

compromising the high quality of 13C, 1H correlation maps

(see Fig. 1b). The increased 1H density around each of the

methyl probes does lead to decreases in 1H transverse

relaxation times (from *37 ms for Ile to 25 ms for Leu/Val,

see Fig. S1e) and hence attenuation of sensitivity. However,

a decided advantage is the increased 1H longitudinal relax-

ation rates arising from the proximal prochiral 13CHD2 pairs

for Leu/Val that increases sensitivity per unit measurement

time for these residues. This is illustrated in Fig. 3 where

histograms of 1H longitudinal relaxation times of Ile, Leu

and Val residues of a7a7 are indicated, showing significantly

decreased Leu/Val 1H T1 values relative to Ile. Some of this

decrease results from the fact that, in general, Ile residues are

inherently more dynamic than Leu/Val; for example the

rotation of methyl groups about their three-fold symmetry

axis is faster for Ile than for Leu/Val (Tugarinov and Kay

2005b), leading to larger Ile 1H T1 values. However, a sub-

stantial fraction of the difference between Ile and Leu/Val

longitudinal relaxation rates most certainly arises from

proximity of methyl probes to adjacent protons (other methyl

groups). Also displayed in Fig. 3 are histograms of 1H T1

values recorded on a U-[2H], Ile-[13CH3 d1], Leu,Val-

[13CH3,12CD3] a7a7 sample. These are considerably shorter

for 13CH3 methyl groups, as expected, a decided advantage

for the 13CH3-labeling approach.

Recently, Amero et al. (2009) have published SOFAST

methyl-TROSY experiments that optimize s/n per measurement
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time in HMQC spectra recorded on 13CH3-labeled proteins.

We have compared standard HMQC data sets (relaxation

delay 1 s) with SOFAST spectra recorded with the flip

angle, h, of the excitation pulse (90� in the ‘typical

experiment’) set to 60� (relaxation delay of 0.5 s) using the

pulse scheme of Boisbouvier, Brutscher and coworkers

(Amero et al. 2009). Clearly, the optimal value for the

relaxation delay depends on both h and 1H longitudinal

14.5

14.0

13.5

13.0

I49

I59

I64

I67

I94

I109

I137

I157 I165

I212

13.5

13.0

12.5

I49

I59

I64

I67

I94

I109

I137

I157
I165

I212

(a)

(b)
13

C
  (

pp
m

)
13

C
  (

pp
m

)

1H  (ppm)

1H  (ppm)

27.0

26.5

26.0

25.5

L48

L58

L136

L148

L176

L184

L201

L207

13
C

  (
pp

m
)

1H  (ppm)

0.8 0.7 0.6 0.5 0.4

0.7 0.6 0.5 0.4 0.3

0.8 0.7 0.6 0.5 0.4

0.7 0.6 0.5 0.4 0.3

26.0

25.5

25.0

L48

L58

L136

L148

L176

L184

L201

L207

13
C

  (
pp

m
)

1H  (ppm)

Fig. 1 Contour plots of

selected regions of a 13C-1H

HMQC (13CH3 probes) and

b sensitivity enhanced 13C-1H

HSQC (13CHD2) maps of a7a7,

800 MHz, 50�C (recorded on a

system with a room temperature

probe-head in 1.7 h/spectrum).

Traces for selected residues are

shown. Data sets are plotted at

the same noise floor

13CHD2 PEP-HSQC / 13CHD2 HSQC 

13CHD2 PEP-HSQC / 13CHD2 TROSY 

0
2

4
6

8

I

Avg. 1.30

Fr
eq

ue
nc

y

0
1

2
3

4
5

6

L

Avg. 1.26

V

Avg. 1.27

Sensitivity ratio

I

Avg. 1.26

Fr
eq

ue
nc

y

L

Avg. 0.99

Sensitivity ratio

1.15 1.25 1.35 1.15 1.25 1.35 1.15 1.25 1.35

0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4

0
2

4
6

0
1

2
3

4
5

6

0
2

4
6

0
1

2
3

4
5

6

V

Avg. 1.04

(a)

(b)

Fig. 2 Histograms plotting the

relative s/n of Ile, Leu and Val

correlations in 13C-1H

correlation spectra of U-[2H],

Ile-[13CHD2 d1], Leu,Val-

[13CHD2,13CHD2] a7a7

(800 MHz, 50�C).

a Comparison of PEP-HSQC

versus unenhanced HSQC data

sets and b PEP-HSQC versus

TROSY-HSQC correlation

maps. Details of processing and

analysis are provided in

‘‘Materials and methods’’. The

dotted vertical lines delineate

average ratios

166 J Biomol NMR (2010) 47:163–169

123



relaxation times, and with the significant differences in

average 1H T1 values for Ile (1.34 s, 13CH3) and Leu,Val

(0.84 s, 13CH3) in a7a7 (Fig. 3) no single value can optimize

sensitivity for all residues. Because the signals from Ile

residues are inherently two-fold greater than from Leu,Val

(non-stereospecific 13CH3,12CD3 isopropyl labeling redu-

ces the effective concentration of methyl labels for Leu/Val

by twofold) we have chosen to optimize s/n in the Leu/Val

region of the spectrum by using the values listed above. It is

noteworthy, however, that these settings attenuate signals

from Ile residues only marginally—by B5%—relative to

their maximum possible values.

We have also compared data sets obtained where the

h = 60� pulse is either selective for the methyl region of

the spectrum or not. In the former case protons outside of the

methyl region are not excited and their equilibrium polari-

zation can serve to (slightly) enhance recovery of methyl

magnetization (Amero et al. 2009; Pervushin et al. 2002).

Figure 4 shows that relatively small gains in sensitivity

(&4–5%) are obtained with the SOFAST approach relative

to the standard experiment and that essentially no benefits

arise from using a methyl selective excitation pulse. The

sensitivity benefits from SOFAST are somewhat smaller

than the calculated gains of close to 10% and considerably

less than the 30% that Amero et al. (2009) have measured for

a U-[2H], Ile-[13CH3 d1] TET2 sample (correlation time of

315 ns). The fact that no gain is achieved by using a selective

excitation pulse indicates that the a7a7 sample used is very

highly deuterated, as expected.

Sensitivity ratios, summarized in Figs. 2 and 4, indicate

that the ‘best’ pulse schemes for recording correlation

maps of U-[2H], Ile-[13CH3 d1], Leu,Val-[13CH3,12CD3]

and U-[2H], Ile-[13CHD2 d1], Leu,Val-[13CHD2,13CHD2]

a7a7 under the experimental conditions used here are

SOFAST HMQC and PEP-HSQC, respectively. We have

therefore compared relative s/n values for 13CH3- and
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13CHD2-labeled proteins using these optimal experiments,

as summarized in Fig. 5. Sensitivity gains with the 13CH3-

label vary between 1.5 to close to 2, on average. These

enhancements are somewhat less than what has been pre-

viously reported based on studies of Ile-d1 labeled MSG

(&threefold), although in that case the HMQC (methyl-

TROSY) scheme (13CH3) was compared with the unen-

hanced HSQC (13CHD2) and both data sets were recorded

with a relaxation delay of 1.5 s that favors the 13CH3-

labeled sample. Indeed when data sets are recorded on

Ile-d1 a7a7 using the same pulse schemes and acquisition

parameters as for MSG the intensity ratio increases to

2.9 ± 0.5, consistent with previous results.

In summary, based on the studies of a7a7 reported here,

U-[2H], Ile-[13CH3 d1], Leu,Val-[13CH3,13CD3] labeling

remains the best approach for recording high sensitivity

methyl data sets of very high molecular weight proteins.

With the development of precursors for specific 13CH3-

labeling at either the pro-R or pro-S (Gans et al., 2010)

methyl positions of Leu/Val, sensitivity of the HMQC

experiments will increase further by two-fold for these

residues and spectral complexity will be halved, although a

pair of data sets will be required to measure all possible

Leu/Val methyl correlations. It is also clear from this work

that sensitivity losses associated with 13CHD2 labeling are

not prohibitive so that a number of applications that are

best performed on AX or ‘AX-like’ spin systems, including
13C and 1H relaxation studies, are certainly feasible, even

when supra-molecular systems are considered.
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