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Abstract The 1H–13C HMQC signals of the 13CH3

moieties of Ile, Leu, and Val residues, in an otherwise

deuterated background, exhibit narrow line-widths, and

thus are useful for investigating the structures and

dynamics of larger proteins. This approach, named methyl

TROSY, is economical as compared to laborious methods

using chemically synthesized site- and stereo-specifically

isotope-labeled amino acids, such as stereo-array isotope

labeling amino acids, since moderately priced, commer-

cially available isotope-labeled a-keto acid precursors can

be used to prepare the necessary protein samples. The Ile

d1-methyls can be selectively labeled, using isotope-

labeled a-ketobutyrates as precursors. However, it is still

difficult to prepare a residue-selectively Leu and Val

labeled protein, since these residues share a common bio-

synthetic intermediate, a-ketoisovalerate. Another hinder-

ing drawback in using the a-ketoisovalerate precursor is

the lack of stereo-selectivity for Leu and Val methyls. Here

we present a differential labeling method for Leu and Val

residues, using four kinds of stereo-specifically 13CH3-

labeled [U–2H;15N]-leucine and -valine, which can be

efficiently incorporated into a protein using Escherichia

coli cellular expression. The method allows the differential

labeling of Leu and Val residues with any combination of

stereo-specifically isotope-labeled prochiral methyls. Since

relatively small amounts of labeled leucine and valine are

required to prepare the NMR samples; i.e., 2 and 10 mg/

100 mL of culture for leucine and valine, respectively, with

sufficient isotope incorporation efficiency, this approach

will be a good alternative to the precursor methods. The

feasibility of the method is demonstrated for 82 kDa

malate synthase G.

Keywords Leu/Val differential labeling � Stereo-

specifically methyl labeled Leu/Val � Methyl-methyl

NOEs � Large protein

Introduction

Ile, Leu, and Val residues are the major constituents of the

hydrophobic cores of proteins and protein–ligand interfaces

(Janin et al. 1988). Therefore, various techniques for

observing the methyl NMR signals of these residues have

been developed (Metzler et al. 1996; Gardner and Kay

1997; Goto et al. 1999; Tugarinov and Kay 2004a; Tu-

garinov et al. 2003, 2006; Amero et al. 2009; Gans et al.

2010; Gill and Palmer 2011) and applied to explore protein

structures and dynamics, especially for larger proteins and

protein complexes, which are inaccessible by conventional

NMR methods. The most common approach is to observe

the 1H–13C HMQC signals for the 13CH3 groups of Ile,

Leu, and Val residues bearing protonated 13C-methyls in an

otherwise highly deuterated background (Tugarinov et al.

2003). In these environments, the HMQC signals have
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narrower line-widths and thus higher sensitivity, even for

larger proteins. More recently, the 1H–13C HMQC method,

which is often referred to as methyl TROSY, has been

extended for observing other methyl-containing amino

acids, such as alanine, threonine, and methionine

(Skrynnikov et al. 2001; Gelis et al. 2007; Fischer et al.

2007; Isaacson et al. 2007; Ayala et al. 2009; Sheppard

et al. 2009a, Sheppard et al. 2009b; Guo and Tugarinov

2010; Godoy-Ruiz et al. 2010; Velyvis et al. 2012). The

combined use of methyl TROSY and backbone amide
1H–15N TROSY (Pervushin et al. 1997) has now become a

standard protocol for studying larger proteins by solution

NMR spectroscopy (Tugarinov et al. 2003; Tugarinov and

Kay 2003, 2004a, b; Sounier et al. 2007; Amero et al. 2011;

Velyvis and Kay 2013; Xu and Matthews 2013).

In the cases of branched side-chain amino acids, i.e.,

isoleucine, leucine, and valine, the methyl TROSY meth-

ods provide an obvious advantage for observing methyl

signals, as compared to the other laborious isotope-labeling

methods, such as the stereo-array isotope labeling (SAIL)

method (Kainosho et al. 2006; Kainosho and Güntert 2009;

Miyanoiri et al. 2012). The selectively Ile, Leu, and Val

methyl labeled proteins can be efficiently prepared by

standard Escherichia coli cellular expression using various

isotope-labeled a-keto acid precursors, which are now

commercially available at moderate prices (Gardner and

Kay 1997; Goto et al. 1999). For example, a-ketoisoval-

erates with labeled methyl group(s) are used as the pre-

cursors for non-stereospecific labeling of the prochiral

methyl groups of Val and Leu residues. In the case of Ile,

which is produced by a different biosynthetic pathway

from that for valine and leucine, methyl labeled a-keto-

butyrate is used as a precursor for labeling the d1 methyl

groups of Ile residues. A variety of regio-specifically

labeled a-ketoisovalerates have been developed, including

[13CH3, 13CH3]- and [13CH3, 12C2H3]-a-ketoisovalerates,

which are now used to observe the prochiral methyl signals

of Leu and Val residues (Lichtenecker et al. 2004; Tu-

garinov and Kay 2004a, 2005; Tugarinov et al. 2006). The

latter precursor is particularly useful for acquiring all of the

observable inter-residue methyl–methyl NOEs for Leu and

Val residues, although their intensities are 25 % of the

maximum values because of this alternative methyl label-

ing scheme. Obviously, if the stereospecific assignment of

the prochiral methyl signals is required, then a supple-

mental experiment, such as the biosynthetically fractional

labeling method, should be used (Neri et al. 1989).

Excessive crowding in the methyl regions may also be a

problem, since the Val and Leu residues are both synthe-

sized through common precursors.

In this context, further methodological developments for

solving the aforementioned problems would facilitate the

NMR studies of large proteins, and progress toward this goal

has been reported. For example, the use of regio-specifically

methyl labeled acetolactates as the precursors, in lieu of a-

ketoisovalerates, allows the preparation of proteins with

stereo-specifically methyl labeled Leu and Val residues

(Gans et al. 2010; Mas et al. 2013). Using the acetolactates

bearing a 13C-labeled methyl at either the C2 or C3 position

as a precursor, the Val-c2 (pro-S) and Leu-d2 (pro-S), and

the Val-c1 (pro-R) and Leu-d1 (pro-R) methyls of an

expressed protein are stereo-specifically labeled, respec-

tively. A method for distinguishing Leu and Val methyl

signals, using the spectral editing technique, was recently

reported (Hu et al. 2012). In principle, a more straightfor-

ward and thus versatile means may be the direct incorpo-

ration of the chemically synthesized amino acids with any

desirable labeling patterns into the protein to be studied,

which is the basic concept of the SAIL method (Kainosho

et al. 2006). The potential advantage of the stereo-specifi-

cally isotope-labeled amino acid method over the precursor

method is that any of the stereo- and residue-selective

combinations can be chosen for the Leu and Val methyls,

such as Leu d2 and Val c1. From a practical viewpoint,

however, there have been serious concerns about the over-

whelming difficulties in producing SAIL proteins, because

the production of a protein exclusively composed of the

SAIL amino acids requires the use of cell-free expression

and an expensive complete mixture of constituent SAIL

amino acids (Torizawa et al. 2004; Kainosho et al. 2006;

Takeda et al. 2007). However, this may not be a problem

when preparing proteins with only a few selected residues

labeled with SAIL amino acids. These ‘selective SAIL’

proteins can also be prepared by E. coli cellular expression,

if the selected amino acid residues do not undergo metabolic

scrambling during the preparation. In the case of cellular

expression, the necessary amount of the SAIL amino acid

can be reduced by optimizing the labeling protocols, thus

substantially lowering the total cost. Indeed, we have suc-

cessfully applied the cellular expression in some cases to

prepare ‘selective SAIL’ proteins (Miyanoiri et al. 2011;

Takeda et al. 2012).

Here, for the 82 kDa protein E. coli malate synthase G

(MSG; Molina et al. 1994), we explored the differential

isotope-labeling for Leu and Val residues, using site- and

stereo-specifically labeled amino acids with E. coli cellular

expression. MSG consists of 723 amino acid residues,

including 70 Leu and 46 Val residues, and thus a total of

232 methyl peaks for these residues would be simulta-

neously observed when 13CH3-labeled a-ketoisovalerate is

used as a precursor. Therefore, the 1H–13C methyl TROSY

spectrum was rather crowded, and this motivated us to

simplify the spectra by an alternate isotope labeling

method, using site- and stereo-specifically labeled Leu and

Val. For that purpose, we synthesized all four isotopomers

of the stereo-specifically 13CH3-labeled [U–2H; 15N]-
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leucine and -valine. Note that the costs to synthesize these

site- and stereo-specifically labeled leucines and valines,

which are designed to observe only one of the prochiral

methyl signals, are substantially lower than those for the

original SAIL amino acids (Kainosho et al. 2006). The

synthesized Val and Leu residues were incorporated into

proteins using E. coli cellular expression in deuterated

medium. To do so, we first estimated the lowest amounts of

labeled leucine and valine required for achieving sufficient

incorporation efficiencies for most of the NMR studies.

Obviously, one of our major concerns was the cost effi-

ciency of the labeled amino acids to be used, as compared to

that of the methods using labeled precursors. By employing

the conventional and widely applicable E. coli cellular

expression system, in lieu of the cell-free protein expression

required for preparing fully SAIL-labeled proteins, and by

minimizing the amounts of added labeled amino acids, we

succeeded in firmly establishing an economically feasible,

practical protocol for differential isotope-labeling of Leu

and Val residues in a deuterated background.

Materials and methods

Synthesis of c1-Val, c2-Val, d1-Leu, and d2-Leu

Many strategies for the stereo-selective syntheses of leucine

and valine with 13C-labeled methyl groups have been

reported (Kelly et al. 1997; Charrier et al. 2004; Dawadi and

Lugtenburg 2013). In order to synthesize all four isotopo-

mers of the stereo-specifically 13CH3 labeled valines; i.e., L-

[c1–13CH3;a,b,c2–2H5;a–15N]-valine (‘‘c1-Val’’; Fig. 1a)

and L-[c2–13CH3;a,b,c1–2H5;a–15N]-valine (‘‘c2-Val’’;

Fig. 1b), and the stereo-specifically 13CH3 labeled leucines;

i.e., L-[d1–13CH3;a,b,c,d2–2H7;a–15N]-leucine (‘‘d1-Leu’’;

Fig. 1c) and L-[d2–13CH3;a,b,c,d1–2H7;a–15N]-leucine

(‘‘d2-Leu’’; Fig. 1d), we used a synthetic strategy based on a

previously reported method (Oba et al. 1995). Namely, we

first synthesized enantiomeric mixtures of 13C-methyl

labeled leucine and valine, starting from DL-[U–2H;15N]-

glutamic acid and DL-[U–2H;15N]-aspartic acid, respec-

tively, and then isolated each isotopomer by the combined

use of optical resolution and racemization at the a-position.

Stereo-specifically 13CH3-labeled leucines, namely d1-

Leu and d2-Leu, were synthesized from a derivative of DL-

[U–2H;15N]-glutamic acid (Scheme 2) via the synthetic

course shown in Scheme 1. The racemic glutamate deriv-

ative 1 was treated with lithium bis(trimethylsilyl)amide

(LiHMDS) and [13C]-iodomethane at -78 �C to give 2

(Ardá et al. 2004). The [4-13CH3]-glutamate derivative 2

was then converted to labeled leucines by modifications of

the methods reported by August et al. (1992) and Oba et al.

(1998), as follows. The [4-13CH3]-glutamate 2 was treated

with 1 M LiOH, to produce the [4-13CH3]-glutamate

derivative 3, and then was converted to the alcohol 4 by

reducing the terminal carboxyl group by NaBD4, via the

mixed anhydride with isobutyl chloroformate. The con-

secutive transformation of the alcohol 4–5 was performed

by mesylation, using methanesulfonyl chloride and trieth-

ylamine, followed by iodination with NaI. The iodide 5

was then subjected to radical deuteration by Bu3SnD in the

presence of 2,20-azodiisobutyronitrile (AIBN). The resul-

tant leucine derivatives were directly hydrolyzed to the L-

(2S,4R)- and D-(2R,4S)-leucine 6. Thus, after the mixture of

L-(2S,4R)- 6a and D-(2R,4S)-leucine 6b was subjected to

esterification followed by N-acetylation, enzymatic optical

resolution was accomplished using Aspergillus acylase in

the presence of CoCl2 at 40 �C, to give d2-Leu (6a) in

addition to the remaining D-(2R,4S)-N-acetyl leucine (7). In

order to obtain d1-Leu (6b), the D-(2R,4S)-N-acetyl leucine

(7) was racemized at the a-position to give a mixture of L-

(2S,4S)- and D-(2R,4S)-N-acetyl leucine by a treatment with

an excess of acetic anhydride, and then the mixture was

subjected to enzymatic hydrolysis by the acylase to give

d1-Leu (6b). The overall yields of d1-Leu (6b) and d2-Leu

(6a) from DL-[U–2H; 15N]-glutamic acid 1 were 15 and

31 %, respectively.

The syntheses of the two isotopomers of valine 15a (c1-

Val) and 15b (c2-Val) were accomplished from DL-

[U–2H;15N]-aspartic acid (Humphrey et al. 1995) by a

similar strategy, using DL-[U–2H;15N]-aspartic acid as the

starting material instead of DL-[U–2H; 15N]-glutamic acid

(Scheme 3). The overall yields of c1-Val (15a) and c2-Val

(15b), starting from DL-[U–2H;15N]-aspartic acid, were 14

and 8 %, respectively.

Fig. 1 Chemical structures of the stereo-specifically 13CH3-labeled

leucines and valines, bearing isotope-labeling patterns optimized for

observing prochiral methyl NMR signals in large proteins. The

number in parentheses for each amino acid corresponds to Schemes 1, 2, 3.

a L-[c1–13C;a,b,c2–2H5;a–15N]-valine: ‘‘c1-Val’’ (15a); b L-[c2–13C;

a,b,c1–2H5;a–15N] -valine: ‘‘c2-Val’’ (15b); c L-[d1–13C;a,b,c,d2–
2H7;a–15N]-leucine: ‘‘d1-Leu’’ (6b); d L-[d2–13C;a,b,c,d1–2H7;a–15N]-

leucine: ‘‘d2-Leu’’ (6a)
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Preparation of [U–2H;15N]-MSG with stereo-

specifically 13CH3 labeled leucines and valines using

E. coli cellular expression

The cellular expression of MSG proteins was performed

according to the protocol described previously (Tugarinov

et al. 2002), with some minor modifications. The E. coli

BL21(DE3) pLys S cells, which were transformed with

pMSG-B encoding the MSG protein with a His-tag at its

C-terminus (Howard et al. 2000), were cultured at 37 �C in

100 ml of M9 medium in D2O (CIL), containing 7.0 g/L

Na2HPO4, 3.0 g/L KH2PO4, 0.50 g/L NaCl, 1.0 g/L

Scheme 1 Synthesis of d1-Leu and d2-Leu: i LiHMDS, 13CH3I, THF,

-78 �C, 69 %. ii LiOH, THF, H2O. iii (1) iBCF, Et3N, THF -40 �C;

(2) NaBD4, D2O, 0 �C, 72 % from 2. iv (1) MsCl, Et3N, DCM; (2)

NaI, acetone. v (1) Bu3SnD, AIBN, benzene, reflux; (2) 1M HCl,

110 �C; (3) Dowex 50W-X8. vi (1) EtOH, HCl; (2) AcCl, Et3N,

DCM; (3) LiOH; (4) Acylase, CoCl2, 40 �C; (5) Dowex 50W-X8,

95 % from 4. vii (1) NaOD, Ac2O; (2) Acylase, CoCl2, 40 �C; (3)

Dowex 50W-X8

Scheme 2 Synthesis of the glutamic acid derivative as an intermediate for the synthesis of d1-Leu and d2-Leu: i HCl/MeOH, 91 %. ii Boc2O,

Na2CO3. iii DMF-dineopentylacetal, t-BuOH, 72 % from 8

Scheme 3 Synthesis of c1-Val and c2-Val: i LiHMDS, 13CH3I, THF,

-78 �C. ii LiOH, THF, H2O. iii (1) iBCF, Et3N, THF, -40 �C; (2)

NaBD4, D2O, 0 �C. iv (1) MsCl, Et3N, DCM. v Zn, NaI, diglyme,

D2O. vi (1) Pd/C, H2, TFA; (2) AcCl, Et3N, DCM; (3) LiOH; (4)

Acylase, CoCl2, 40 �C; (5) Dowex 50W-X8. vii (1) NaOD, Ac2O; (2)

Acylase, CoCl2, 40 �C; (3) Dowex 50W-X8
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[U–2H]-glucose (CIL), 1.0 g/L 15NH4Cl, 20 mg/L thiamine

hydrochloride, 20 mg/L (?)-biotin, 1.6 mg/L FeCl3, 0.24 g/L

MgSO4, 6.3 mg/L MnCl2, 11 mg/L CaCl2, 0.10 mg/L

folic acid, 0.10 mg/L choline chloride, 0.1 mg/L nicotin-

amide, 0.1 mg/L D-pantothenic acid, 10 lg/L riboflavin,

0.1 mg/L pyridoxal hydrochloride, and 0.2 mg/L myo-

inositol.

In order to reduce the intracellular levels of unlabeled

leucine and valine at the time of isopropyl-b-D-thiogalac-

topyranoside (IPTG) induction for protein production, we

found that culturing the cells with one-third of the total

amount of added labeled leucine and valine was effective

to increase the incorporation efficiencies of leucine and

valine, to some extent. For example, if we wanted to label

MSG with a total of 10 mg of c1-Val or c2-Val, then we

added 3.3 mg of the labeled valine to 100 mL of deuterated

M9 medium at the start of cell cultivation. The remaining

6.7 mg of labeled valine was added when the OD600

reached about 0.4, and then the IPTG induction was started.

We also prepared MSG selectively labeled with valine and

leucine using biosynthetic precursors, for the sake of

comparison between our method using site- and stereo-

specifically labeled amino acids. For that purpose, 12 mg

of [3-13CH3; 3,4,4,4-2H4]-a-ketoisovaleric acid sodium salt

(CIL) or 30 mg of [2-13CH3; 4,4,4-2H3]-acetolactate (Gans

et al. 2010) was added to 100 ml of deuterated M9 medium

when the OD600 reached about 0.3. When the OD600

reached 0.4 about 1 h later, IPTG was added to a final

concentration of 1 mM, and the growth was continued for

8 h at 37 �C with gentle shaking (150 rpm). The E. coli

cells were then harvested by centrifugation and processed

for MSG preparation (Tugarinov et al. 2002).

Quantitative analyses of the incorporation efficiency

of Val and Leu residues in MSG using mass

spectrometry

The incorporation efficiencies of the Leu and Val residues in

MSG, prepared with various amounts of added isotopically

labeled amino acids, were quantitatively estimated by a GC/

MS analysis on a GC/MS QP 2010 spectrometer (Shima-

dzu). MSG samples prepared from cells grown in the deu-

terated M9 medium supplemented with ‘‘unlabeled’’ leucine

and/or valine, under the same conditions as described above,

were conveniently used for this purpose. The expressed

MSG samples were fully deuterated, except for the Leu and/

or Val residues, which were partially deuterated according

to the incorporation efficiencies. A 100 lL aliquot of about

200 lM MSG solution was mixed with 400 lL of 4 M

methanesulfonic acid, and was heated in a sealed tube at

160 �C for 45 min. The hydrolyzed amino acid mixture

was derivatized using an EZ:Faast amino acid analysis

kit (Phenomenex), according to the manufacturer’s

recommended protocol. The resultant amino acid deriva-

tives were subjected to the GC/MS analysis. The detailed

procedures for the mass spectrometric analysis will be

published elsewhere (Terauchi et al. to be published).

NMR spectroscopy

MSG was purified from the E. coli cell cultures, by anion-

exchange chromatography after the Ni–NTA column

purification, and then the protein was unfolded and refol-

ded to ensure that the backbone amide proton back

exchange was complete (Tugarinov et al. 2002). The

refolded labeled MSG was dialyzed against NMR buffer,

containing 20 mM sodium phosphate, 20 mM magnesium

chloride, 5 mM deuterated DL-1,4-dithiothreitol (d10-DTT)

and 1 mM sodium azide, at pH 7.1. The NMR buffer was

prepared with 99 % H2O/1 % D2O. We usually obtained

about 2.5 mg of purified MSG from a 100 ml deuterated

M9 culture, which was sufficient to make one NMR sample

(0.15 mM/200 lL) in a slotted Shigemi tube (Shigemi

Co.). These salt-tolerant sample tubes require less sample

volume and provide higher signal-to-noise ratios for

aqueous sample solutions, as compared to conventional

Shigemi tubes, when the quasi-rectangular slot is properly

positioned against the rf coil of the cryoprobe, using the

sample positioning unit (Takeda et al. 2011). The NMR

measurements were performed at 37 �C using an

Avance900 spectrometer, equipped with a TCI cryoprobe

and the sample positioning unit (Bruker Biospin).

In the 2D 1H–13C methyl TROSY experiments (Tugar-

inov et al. 2003), the data size and spectral width were 256

(t1) 9 2,048 (t2) and 3,200 Hz (x1, 13C) 9 14,400 Hz (x2
1H), respectively. The 1H and 13C carrier frequencies were

4.7 and 20 ppm, respectively. The number of scans/FID

was 32. The repetition time was 2 s. In the 13C-edited 3D

NOESY-HMQC experiment, the data size and spectral

width were 256 (t1) 9 24 (t2) 9 2048 (t3) and 14,400 Hz

(x1, 1H) 9 3,200 Hz (x2, 13C) 9 14,400 Hz (x3, 1H),

respectively. The 1H and 13C carrier frequencies were 4.7

and 20 ppm, respectively. The number of scans/FID was

16. The NOE mixing time and repetition time were 300 ms

and 2 s, respectively. All NMR spectra were processed

with the TopSpin software, version 3.1 (Bruker Biospin).

Results and discussion

Optimization of the individual incorporation

efficiencies for Leu and Val residues in a protein using

E. coli cellular expression

Two major concerns in differential isotope-labeling for Leu

and Val residues in a protein using the cellular expression

J Biomol NMR (2013) 57:237–249 241
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system are the labeling efficiency and the residue-selec-

tivity. To estimate the minimum amounts of leucine and

valine needed to achieve acceptable incorporation effi-

ciencies ([80 %) and to monitor the isotope scrambling

during protein expression, we used the GC/MS method to

quantitatively analyze the isotopomer distributions of leu-

cine and valine isolated from the acid hydrolyzates of MSG

samples. These proteins were produced in deuterated M9

media containing different amounts of unlabeled, and thus

protonated, leucine and valine. Under these culturing

conditions, the expressed MSG contains both highly deu-

terated (endogenous) and highly protonated (exogenous)

Leu and Val residues. These two types of Leu and Val

residues from different origins can be easily differentiated

by the relative intensities of the appropriate fragment ions

in the mass spectra. Therefore, the incorporation efficien-

cies could be quantitatively determined for the Leu and Val

residues in the MSG sample, as a function of the amounts

of leucine or valine added to the cultures, as illustrated in

Fig. 2a and b (See also Table S1). In the case of Leu-

selective labeling, when only unlabeled leucine was added

to the culture medium, we found that 20 mg/L of leucine

resulted in an over 90 % incorporation efficiency, and its

metabolic scrambling to other amino acids was not detec-

ted (Fig. 2a, Table S1).

On the other hand, in the case of Val-selective labeling,

the incorporation efficiency of exogenous valine was

comparatively low, and its conversion to leucine was

clearly observed. For example, the incorporation efficiency

was *70 %, when the culture was supplemented with

25 mg/L of valine. Even when the supplemented amount

was increased to 100 mg/L, the incorporation efficiency

was still around 80 % (Fig. 2b, Table S1). This marked

difference in incorporation efficiencies between Leu and

Val residues can be explained by their biosynthetic paths in

the E. coli cells. According to the well-established amino

acid biosynthetic pathways in microorganisms, valine is

synthesized from two pyruvate molecules through four

enzymatic steps (Fig. 2c). Since the intracellular pyruvate

concentration should be relatively high in the cells, it is not

possible to completely inhibit the biosynthetic pathway

simply by increasing the concentration of exogenous valine

up to 100 mg/L. This explanation is reasonable, since the
1H–13C cross peaks were observed for Val c1 and c2

methyls in the 2H-decoupled, {2H}, 1H–13C HMQC spec-

trum of MSG produced in the deuterated M9 medium

containing [U–13C]-glucose, 100 mg/L [U–2H]-Val, and

20 mg/L [U–2H]-Leu (Fig. S1b). In the biosynthetic path-

ways of E. coli, the methyl groups of amino acids are

derived from the methyl group of pyruvate, which origi-

nated from either a CH or a CH2 moiety of glucose. In this

condition, the major isotopomer in the methyl groups of

endogenous amino acids is the 13C1HD2 isotopomer (Rosen

et al. 1996; Shekhtman et al. 2002; Otten et al. 2010; Guo

and Tugarinov 2010). As described in detail in the caption

of Figure S1, the Val residues were shown to have

‘‘13C1HD2’’ methyls; therefore, they were from the par-

tially deuterated [U–13C]-valine biosynthetically derived

from [U–13C]-glucose in the deuterated medium. On the

other hand, the Leu methyl signals were not observed,

since the conversion from intracellular valine to leucine

was strongly suppressed by the feed-back inhibition by

[U–2H]-Leu in this MSG preparation (Fig. 2c; Table S1;

Fig. S1b). Due to the effective feed-back inhibition of the

valine biosynthesis by leucine, the incorporation efficiency

of Val residues using exogenous labeled valine was slightly

increased by adding leucine to the culture medium. For

example, the incorporation efficiency of Val residues using

100 mg/L of exogenous valine was increased up to *83 %

in the presence of 20 mg/L of leucine (Table S1).

Attempts to further increase the incorporation effi-

ciency for valine by suppressing the de novo valine

synthesis in E. coli cells, using acetolactate synthase

inhibitors, were not very successful (Table S1). Therefore,

in order to selectively label Val residues, it was necessary

to add a sufficient amount (*20 mg/L) of unlabeled (or

deuterated) leucine to the culture medium; otherwise, the

Leu residues are simultaneously labeled (Table S1).

However, in the case of combinatorial Val/Leu labeling

using various isotopically labeled valines and leucines,

the undesired metabolic conversion from valine to leucine

can be concomitantly suppressed by the co-existing

leucine.

Differential labeling of Leu and Val residues in MSG

using stereo-specifically 13CH3 labeled amino acids

In order to observe the prochiral methyl signals of Leu and

Val residues in large proteins most efficiently, we chemically

synthesized the following stereo-specifically 13C-methyl

labeled valines and leucines: L-[c1–13C;a,b,c2–2H5;a–15N]-

valine (‘‘c1-Val’’; Fig. 1a), L-[c2–13C;a,b,c1–2H5;a–15N]-

valine (‘‘c2-Val’’; Fig. 1b), L-[d1–13C;a,b,c,d2–2H7;a–15N]-

leucine (‘‘d1-Leu’’; Fig. 1c), and L-[d2–13C;a,b,c,d1–
2H7;a–15N]-leucine (‘‘d2-Leu’’; Fig. 1d). These amino acids

have an isolated 13CH3 group with a designated stereo-

chemistry, and therefore only one of the prochiral methyl

signals can be observed with very high-sensitivity, when

they are efficiently incorporated into a protein. Since all of

the protons, except for the 13C-labeled site, are fully deu-

terated in these amino acids, NMR measurements for the

labeled Leu and Val residues in a protein do not suffer from

scalar and dipolar interactions between intra-residue spins.

The benefits of these optimized labeling patterns are predi-

cated upon their incorporation in a deuterated background.

The 15N labeling is not necessary to observe the Leu and Val
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methyls, but it may be useful for various future applications

of these labeled amino acids.

We prepared MSG samples selectively labeled with

either c1-Val, c2-Val, d1-Leu, or d2-Leu in a deuterated

background. In order to maximize the incorporation effi-

ciencies while using the smallest possible amounts of

labeled amino acids, we followed the procedures described

above. Namely, 10 mg of either c1-Val or c2-Val was used

in 100 mL deuterated M9 medium, which was supple-

mented with 2 mg of [U–2H]-leucine to suppress the

intracellular conversion from valine to leucine and thus

increase the incorporation efficiencies for c1-Val and c2-

Val. Each of these cultures yielded 200 lL of a 0.15 mM

NMR sample, an ideal volume for use in a slotted Shigemi

tube (Takeda et al. 2011), and the 46 Val residues in MSG

gave well-dispersed 1H–13C HMQC signals for Val c1 and

Val c2, as shown in Fig. 3a, b, respectively. In the case of

Leu-selective labeling, 2 mg of either d1-Leu or d2-Leu

was added to 100 mL of deuterated medium, to yield res-

idue- and stereo-specifically Leu labeled MSG samples.

These samples gave well-dispersed 1H–13C HMQC signals

for 70 Leu residues in MSG, as shown in Fig. 3c for Leu

Fig. 2 The incorporation rates

of ‘‘exogenous’’ leucine and

valine determined for MSG

samples isolated from E. coli

cells cultured in deuterated M9

medium, supplemented with

various amounts of unlabeled

leucine and valine. a The

incorporation rate changes for

the Leu residues by adding

unlabeled leucine in the range

of 5–50 mg/L. b The

incorporation rate changes for

the Val residues by adding

unlabeled valine in the range of

50–100 mg/L, together with

20 mg/L of [U–2H]-leucine.

The incorporation rates were

quantitatively determined by

mass-spectrometry, by

measuring the relative

intensities between highly

deuterated ‘‘endogenous’’

leucine or valine, and highly

protonated ‘‘exogenous’’

unlabeled leucine or valine, by

using a few relevant fragment

ions to characterize the origins

of leucine and valine in the

isolated MSG. Details of the

mass-spectrometric analyses

will be published elsewhere

(Terauchi et al. to be published).

c Biosynthetic pathways of

leucine and valine in E. coli

cells. The EC numbers indicate

the enzymes responsible for

each enzymatic reaction

pathway. The biosynthetic

intermediates and the metabolic

pathways for leucine and valine

are available at the following

web-site of the International

Union of Biochemistry and

Molecular Biology (http://www.

chem.qmul.ac.uk/iubmb/)
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d1, and Fig. 3d for Leu d2. As expected, there was no inter-

conversion between Val c1 and Val c2, or Leu d1 and Leu

d2.

These four stereo- and residue-selectively methyl

labeled proteins allowed us to observe the methyl–methyl

NOEs with fourfold higher sensitivities for either the Val

c1–Val c1, Val c2–Val c2, Leu d1–Leu d1, or Leu d2–Leu d2

pairs in a protein, as compared to those for the protein

labeled with [3-13CH3;3,4,4,4-2H4]-a-ketoisovalerate as a

precursor. However, the inter-residue NOEs for the pro-

chiral methyls belonging to Leu, or the Val residues with

different stereochemistries, namely, Val c1–Val c2, or Leu

d1–Leu d2 pairs, cannot be measured with these residue-

and stereo-selectively methyl labeled proteins. For that

purpose, an equimolar mixture of either c1-Val and c2-Val

(a total of 100 mg/L labeled valine mixture and 20 mg/L

unlabeled or deuterated leucine), or d1-Leu and d2-Leu (a

total of 2 mg/L of labeled leucine mixture) should be

supplemented to the medium, although the incorporation

efficiencies for each of the prochiral methyls are decreased

to half of those of the stereo-specifically labeled proteins.

This type of information can also be obtained with the

same sensitivity by using [3-13CH3;3,4,4,4-2H4]-a-ketois-

ovalerate as the precursor. Although one labeled protein

sample prepared by the precursor method can afford all

possible combinations for the inter-residue methyl–methyl

NOEs associated with Leu and Val residues, in practice,

the excessive signal overlapping may hamper the acquisi-

tion of all of the NOE data (Table S2). Note that Leu-

selective isotope-labeling cannot be achieved by using a-

ketoisovalerate or acetolactate precursors.

Combinatorial labeling for the Leu and Val residues

in MSG using stereo-specifically 13CH3 labeled Leu

and Val

We mentioned above that the prochiral methyls of Leu and

Val residues in a protein are alternatively labeled if

[3-13CH3; 3,4,4,4-2H4]-a-ketoisovalerate is used as a pre-

cursor. Since one of the prochiral methyls in the Leu and

Val residues prepared using this precursor is always
12C2H3, there will be no intra-residue methyl–methyl

NOEs, and thus only inter-residue NOEs among the Leu

and Val methyls can be observed. This feature makes

[3-13CH3; 3,4,4,4-2H4]-a-ketoisovalerate a very useful

precursor for methyl labeling of Leu and Val residues.

However, because the incorporation efficiency for each

methyl is less than 50 %, the intensities for the inter-resi-

due methyl–methyl NOEs between Leu and Val residues

become *25 % of the maximal value (achievable in

[13CH3,13CH3]-Leu/Val labeled samples). The situation

can be improved by using selectively 13C-labeled aceto-

lactates (Gans et al. 2010; Mas et al. 2013), which are the

precursors for the valine-leucine biosynthetic pathways

(Fig. 2c). Since the Val c1 and c2 methyls are biosynthet-

ically transferred into the Leu d1 and d2 methyls, respec-

tively, the regio-selectively 13C-labeled acetolactate

precursors are also useful to prepare proteins with simul-

taneously and stereo-specifically methyl-labeled Val and

Leu residues. Therefore, by choosing [2-13CH3;4,4,4-2H3]-

or [2-12C2H3;1,2,3,4-13C4]-acetolactate, the Val c2 and Leu

d2, and the Val c1 and Leu d1 methyls, can be stereo-

specifically labeled, respectively (Gans et al. 2010; Mas

et al. 2013). These Leu/Val doubly-labeled proteins are

useful to measure the inter-residue methyl–methyl NOEs,

for either the Val c1–Leu d1 or Val c2–Leu d2 pairs in

proteins, with higher sensitivities as compared to those

obtained for a protein prepared using a-ketoisovalerate

precursors. However, it should be noted that the Val and

Leu methyls labeled with acetolactate precursors have the

same stereochemistry, and therefore one cannot use them

for observing the methyl–methyl NOEs between the Leu

and Val residues with different stereochemistries.

Fig. 3 900 MHz methyl-TROSY spectra of the residue-selectively

Leu- or Val-labeled MSG samples, using stereo-specifically 13CH3-

labeled leucines or valines. Labeled MSG samples, prepared by the

protocol described in the section ‘‘Materials and methods’’, were

dissolved in a 200 lL volume. All spectra were obtained for 200 lL

of a 0.15 mM solution at pH 7.1, 37 �C. a ‘‘c1-Val’’ labeled

[U–2H,15N]-MSG; b ‘‘c2-Val’’ labeled [U–2H,15N]-MSG; c ‘‘d1-Leu’’

labeled [U–2H,15N]-MSG; d ‘‘d2-Leu’’ labeled [U–2H,15N]-MSG. The

labeling patterns of the Leu and Val methyl groups are shown in the

box for each spectrum. Signal assignments for V118 c1 (pro-R), c2

(pro-S) and L142 d1 (pro-R), d2 (pro-S) methyls are shown in each

spectrum (Tugarinov and Kay 2003)
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On the other hand, any combinatorial labeling patterns

are possible by the cellular expression method using stereo-

specifically labeled leucine and valine, if the metabolic

scrambling reactions for the labeled amino acids are sup-

pressed. We successfully prepared MSG samples bearing

all four combinations of stereo-specifically methyl-labeled

Leu and Val residues and measured their methyl TROSY

spectra, as shown in Fig. 4: Val c1–Leu d1 (Fig. 4a), Val

c1–Leu d2 (Fig. 4c), Val c2–Leu d1 (Fig. 4d), and Val c2–

Leu d2 (Fig. 4b). Among these four Leu–Val combinato-

rially labeled proteins, the Val c1–Leu d2 and Val c2–Leu

d1 pairs can only be prepared by using stereo-specifically

labeled leucines. As mentioned above, each NMR sample

solution was prepared from a 100 mL culture supple-

mented with 10 mg of labeled valine and 2 mg of labeled

leucine in a deuterated background. As illustrated for the

L142 and V118 methyl signals, there is no stereochemical

conversion for the prochiral methyls, as expected. These

Leu–Val combinatorially labeled proteins provided the

opportunities for higher-sensitivity measurements of the

inter-methyl NOEs for Leu and Val residues with different

stereochemistries, as described in the next chapter.

The incorporation efficiencies for the Val and Leu res-

idues were analyzed by mass spectrometry and were found

to be around 83 and 92 %, respectively; therefore, the

signal intensities of the Leu residues are higher than those

of the Val residues (Fig. 4; Table S1). We observed a

slightly lower incorporation efficiency for the Val residues

in MSG, even with a fivefold higher concentration of

exogenous labeled valine in the culture medium (100 mg/L),

as compared to that of labeled leucine (20 mg/L). There-

fore, we suspected that the exogenous labeled valine

becomes diluted in the cells by the endogenous unlabeled

valine, even though the synthetic pathways from the

acetolactate intermediate to valine are inhibited by the

addition of labeled valine and leucine to the culture med-

ium. We confirmed that this was actually the case by

obtaining the {2H} 1H–13C HMQC spectrum of MSG

prepared from the E. coli cells cultured in deuterated M9

medium composed of [U–13C]-glucose, in lieu of unlabeled

glucose, and [U–2H]-valine and -leucine. As shown in

Figure S1 (b), the c1 and c2 ‘‘13C1HD2’’ methyl signals

from to the 13C-labeled Val residues were clearly observed

in the high-field 1H-chemical range. These residues showed

approximately 0.6 ppm higher 13C-chemical shifts of their
13C1H3 signals, due to the secondary isotope shift caused

by the directly bonded deuteron. In addition, the much

stronger ‘‘13C1HD2’’ methyl signals for Ile c2 and d1 and

Ala b were observed, but no ‘‘13C1HD2’’ methyl signals

were detected for the Leu methyls. This observation can be

perfectly explained by the mass spectrometric data in Table

S1, with details provided in the caption of Figure S1.

Comparisons of the methyl–methyl NOEs for the Leu-

and Val-residues in MSGs prepared using labeled a-

keto acid precursors and stereo-specifically 13CH3-

labeled amino acids

As described above, E. coli cellular expression using ste-

reo-specifically 13CH3-labeled leucines and valines, in lieu

of isotope-labeled keto acid precursors, allowed us to

prepare proteins bearing labeled Leu/Val methyl groups

with any designated stereochemical combinations. It is

especially important to have all four combinatorially Leu/

Val 13CH3-labeled proteins available for analyses of large

proteins, since the methyl–methyl NOEs associated with

the Leu and Val methyls are extremely valuable sources of

structural information. In principle, all of the methyl–

methyl NOEs among the prochiral methyl protons of the

Leu and Val residues can be measured with a single sample

prepared using [3-13CH3;3,4,4,4-2H4]-a-ketoisovalerate in

deuterated medium, as illustrated in Fig. 5a for a selected

Fig. 4 900 MHz methyl-TROSY spectra of the combinatorially Leu/

Val-labeled MSG samples, using stereo-specifically 13CH3-labeled

leucines and valines. Combinatorially Leu/Val labeled MSG samples,

prepared by the protocol described in the section ‘‘Materials and

methods’’, were dissolved in a 200 lL volume. All spectra were

obtained for 200 lL of a 0.15 mM solution at pH 7.1, 37 �C. a ‘‘c1-

Val ? d1-Leu’’ labeled [U–2H,15N]-MSG; b ‘‘c2-Val ? d2-Leu’’

labeled [U–2H,15N]-MSG; c ‘‘c1-Val ? d2-Leu’’ labeled

[U–2H,15N]-MSG; d ‘‘c2-Val ? d1-Leu’’ labeled [U–2H,15N]-MSG.

The combinations of the labeling patterns of the Leu/Val methyl

groups are shown in the box for each spectrum. Signal assignments

for V118 c1 (pro-R), c2 (pro-S) and L142 d1 (pro-R), d2 (pro-

S) methyls are shown in each spectrum (Tugarinov and Kay 2003)
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2D [1H,1H]-plane of the 3D 13C-edited NOESY-HMQC

spectrum, obtained for the MSG prepared using this pre-

cursor. Figure 5b shows the same spectral region observed

for the MSG simultaneously labeled with 2 mg/100 mL of

L-[d2–13C;a,b,c,d1–2H7;a–15N]-leucine, ‘‘d2-Leu’’, and

10 mg/100 mL of L-[c1–13C;a,b,c2–2H5;a–15N]-valine,

‘‘c1-Val’’, in the deuterated medium. This combinatorially

Leu- and Val-labeled MSG in a deuterated background has

approximately twofold higher concentrations of the Leu d2

and Val c1
13CH3 groups, while the Leu d1 and Val c2

methyls are fully deuterated. Consequently, the NOE cross

peaks in Fig. 5b showed much stronger signals. There are a

few extra NOEs in Fig. 5a, as compared to those observed

in Fig. 5b. These extra NOEs are from the spatially close

Leu d1 and Val c2 methyls, leading to more crowding in

Fig. 5a. In order to compare the NOE signal relative

intensities versus the inter-methyl distances, the partial

assignments for the NOEs commonly observed in the two

spectra are shown in Fig. 5a, b. The relative intensities of

the NOE cross-peaks at a mixing time of 300 ms were

measured for Fig. 5b, and were compared to the H–H

distances between the relevant methyl groups, according to

the crystal structure (PDB #1d8c, Howard et al. 2000):

L230 d2-V217 c1 (relative NOE intensity 9.56; H–H dis-

tance 3.74 Å), L230 d2–L329 d2 (2.83; 5.42 Å), L25 d2–

L413 d2 (1.91; 5.95 Å), and V365 c1–L413 d2 (2.44;

5.03 Å). The NOE intensities are normalized according to

the incorporation efficiencies for Leu d (92 %) and Val c
(83 %), as shown in Table S1. The protein concentration in

both samples was 0.3 mM, and the other experimental

conditions were the same, as described in the Materials and

Methods. Therefore, using combinatorially Leu- and Val-

methyl labeled samples, one can obtain NOEs between

methyls with H–H distances of about 6 Å. However, such

long-range inter-methyl NOEs are much weaker for a

protein labeled with the [3-13CH3;3,4,4,4-2H4]-a-ketois-

ovalerate precursor, as shown in Fig. 5a. As pointed

out previously, by using [2-13CH3;4,4,4-2H3]- or

[2-12C2H3;1,2,3,4-13C4]-acetolactate, stereo-specific com-

binatorial labeling of the Val c2/Leu d2, or Val c1/Leu d1

methyls, respectively, can be achieved (Gans et al. 2010;

Mas et al. 2013). These proteins are useful to obtain inter-

methyl NOEs for the Val c1–Leu d1 or Val c2–Leu d2 pairs

in proteins, with higher sensitivities. While these aceto-

lactate precursors cannot be used for labeling Leu and Val

methyls with different stereochemistries, such proteins can

be prepared by the addition of stereo-specifically 13CH3-

labeled leucine to the labeled acetolactate with different

stereochemistry.

In some cases, the Leu/Val methyl 1H–13C signals

incidentally overlapped with each other, even at a very

high-field. An example is shown in Fig. 5c, for the MSG

prepared using the [3-13CH3;3,4,4,4-2H4]-a-ketoisovalerate

precursor. In this sample, V118 c1 and V193 c2 appeared as

an unresolved single cross-peak in the 2D methyl TROSY

spectrum (Fig. 5c). This peak was shown to be composed

of two closely spaced peaks, by measuring the methyl

TROSY spectra of the c1 Val-labeled and c2 Val-labeled

MSG. The overlaid signals for the V118 c1 (red) and V193

Fig. 5 Comparison of the Leu/Val methyl–methyl NOEs in MSG

samples prepared by [3-13CH3; 3,4,4,4-2H4]-a-ketoisovalerate and by

stereo-specifically 13CH3-labeled leucines and valines. a A 2D

[1H,1H] plane from the 3D 13C edited NOESY-HMQC spectrum, at

the 13C position of 22.12 ppm, observed for a 0.3 mM solution of

MSG prepared by using the [3-13CH3; 3,4,4,4-2H4]-a-ketoisovalerate

precursor in deuterated M9 medium; b A 2D [1H,1H] plane from the

3D 13C edited NOESY-HMQC spectrum, at the 13C position of

22.12 ppm, observed for a 0.3 mM solution of [U–2H,15N]-MSG

combinatorially labeled with an equimolar mixture of ‘‘c1-Val’’ and

‘‘d2-Leu’’; c The overlapped methyl TROSY signals of V193 c2 and

V118 c1, observed for MSG labeled with the [3-13CH3; 3,4,4,4-2H4]-

a-ketoisovalerate precursor; d Overlaid methyl TROSY signals for

V193 c2 (blue) and V118 c1 (red), observed for the MSG samples

stereo-specifically labeled with either c2-Val or c1-Val; e Unresolved

NOE signals obtained from the overlapped V193 c2 and V118 c1

methyl TROSY signals for MSG labeled with the [3-13CH3;

3,4,4,4-2H4]-a-ketoisovalerate; f, g The NOEs starting from V118

c1 to V119 c1 (red), and from V193 c2 to L198 d1 (blue) were clearly

observed for the MSG samples combinatorially labeled with ‘‘c1-

Val ? d2-Leu’’, and with ‘‘c2-Val ? d1-Leu’’, respectively. The

results revealed that the unresolved NOE in e is actually two

overlapped signals
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c2 (blue) revealed that the chemical shift differences of

these peaks are very small for both the 1H (*0.01 ppm)

and 13C dimensions (*0.03 ppm) (Fig. 5d). These inci-

dentally overlapped signals might lead to erratic NOE

assignments. Since the chemical shifts of V118 c1 and

V193 c2 are overlapped, the 2D [1H,1H] plane of the 3D
13C-edited NOESY-HMQC spectrum containing these

signals showed unresolved NOE cross peaks, which could

not be assigned. However, the same planes observed for the

Val c1–Leu d2 and Val c2–Leu d1 combinatorially labeled

MSG samples showed a weak NOE between V118 c1 and

V119 c1 (relative NOE intensity 1.94; H–H distance

6.29 Å), Fig. 5f, and a strong NOE between V193 c2 and

L198 d1 (3.28; 4.61 Å), Fig. 5g, respectively. In a similar

manner to the NOE data in Fig. 5b, the relative NOE

intensities are normalized by the incorporation efficiency

for Leu d (92 %) and Val c (83 %). The 1H-chemical shift

difference between V119 c1 and L198 d1 was found to be

less than 0.1 ppm, and thus it cannot be distinguished

without using these two combinatorial Leu–Val 13CH3-

labeled MSGs with different stereochemistries.

Conclusions

We have developed a practical protocol for the differential

labeling of Leu and Val residues in a protein, using the

conventional E. coli cellular expression system with

chemically synthesized L-[d1–13C;a,b,c,d2–2H7;a–15N]-

leucine, ‘‘d1-Leu’’, or L-[d2–13C;a,b,c,d1–2H7;a–15N]-leu-

cine, ‘‘d2-Leu’’, : L-[c1–13C;a,b,c2–2H5;a–15N]-valine, ‘‘c1-

Val’’, or L-[c2–13C;a,b,c1–2H5;a–15N]-valine, ‘‘c2-Val’’.

We successfully prepared 82 kDa MSG samples selec-

tively labeled with either d1-Leu, d2-Leu, c1-Val, or c2-Val,

respectively, in otherwise fully deuterated and uniformly
15N labeled backgrounds. By choosing any of the two pairs

from the stereo-specifically 13CH3-labeled leucines and

valines, we could prepare combinatorially labeled MSG

samples with either the d2-Leu ? c2-Val, d2-Leu ? c1-

Val, d1-Leu ? c2-Val, or d1-Leu ? c1-Val pair, in other-

wise fully deuterated backgrounds. The incorporation

efficiencies for the Leu and Val residues in the residue-

selective, or combinatorially Leu and Val labeled MSG

samples were considerably higher than 90 % (for Leu) and

80 % (for Val), even with relatively small amounts of

labeled leucines (*20 mg/L) and valines (*100 mg/L)

added to the medium. The differential, stereo-selective

labeling method for Leu and Val residues using the cellular

expression system is widely applicable for preparing iso-

tope-labeled proteins for NMR studies, and may also be

compatible with the precursor method. Note that one may

also incorporate labeled amino acids other than leucine and

valine, by modifying the E. coli cellular expression

protocol described in this article. The production of col-

lectively isotope-labeled proteins with selected sets of

amino acids bearing sophisticated labeling patterns, such as

SAIL amino acids, without using cell-free protein expres-

sion, will accelerate the development of practical meth-

odologies for studying the structures and dynamics of large

proteins and protein complexes. The stereo-specifically
13CH3 labeled leucines and valines used in this study will

soon be commercially available from SAIL Technologies

Inc. (http://www.sail-technologies.com/).
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Fischer M, Kloiber K, Häusler J, Ledolter K, Konrat R, Schmid W

(2007) Synthesis of a 13C-methyl-group-labeled methionine

precursor as a useful tool for simplifying protein structural

analysis by NMR spectroscopy. ChemBioChem 8:610–612

Gans P, Hamelin O, Sounier R, Ayala I, Dura MA, Amero CD,

Noirclerc-Savoye M, Franzetti B, Plevin MJ, Boisbouvier J

(2010) Stereospecific isotopic labeling of methyl groups for

NMR spectroscopic studies of high-molecular-weight proteins.

Angew Chem 122:2002–2006

J Biomol NMR (2013) 57:237–249 247

123

http://www.sail-technologies.com/


Gardner KH, Kay LE (1997) Production and incorporation of 15N,
13C, 2H (1H-d1 methyl) isoleucine into proteins for multidimen-

sional NMR studies. J Am Chem Soc 119:7599–7600

Gelis I, Bonvin AMJJ, Keramisanou D, Koukaki M, Gouridis G,

Karamanou S, Economou A, Kalodimos CG (2007) Structural

basis for signal-sequence recognition by the translocase motor

SecA as determined by NMR. Cell 131:756–769

Gill ML, Palmer AG (2011) Multiplet-filtered and gradient-selected

zero-quantum TROSY experiments for 13C1H3 methyl groups

in proteins. J Biomol NMR 51:245–251

Godoy-Ruiz R, Guo C, Tugarinov V (2010) Alanine methyl groups as

NMR probes of molecular structure and dynamics in high-

molecular-weight proteins. J Am Chem Soc 132:18340–18350

Goto NK, Gardner KH, Mueller GA, Willis RC, Kay LE (1999) A

robust and cost-effective method for the production of Val, Leu,

Ile(d1) methyl-protonated 15N-, 13C-, 2H-labeled proteins. J Bio-

mol NMR 13:369–374

Guo C, Tugarinov V (2010) Selective 1H-13C NMR spectroscopy of

methyl groups in residually protonated samples of large proteins.

J Biomol NMR 46:127–133

Howard BR, Endrizzi JA, Remington SJ (2000) Crystal Structure of

Escherichia coli Malate Synthase G complexed with magnesium
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