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Abstract A new method for stereospecific assignment of

prochiral methyl groups in proteins is presented in which

protein samples are produced using U-[13C]glucose and

subsaturating amounts of 2-[13C]methyl-acetolactate. The

resulting non-uniform labeling pattern allows proR and

proS methyl groups to be easily distinguished by their

different phases in a constant-time two-dimensional 1H-13C

correlation spectra. Protein samples are conveniently pre-

pared using the same media composition as the main uni-

formly-labeled sample and contain higher levels of isotope-

enrichment than fractional labeling approaches. This new

strategy thus represents an economically-attractive, robust

alternative for obtaining isotopically-encoded stereospe-

cific NMR assignments of prochiral methyl groups.

Keywords Isotope labeling � Stereospecific assignments �
Acetolactate � Prochiral methyl groups

Introduction

NMR spectroscopy is a well-established technique for

elucidating atomic resolution 3D structures of proteins. The

final quality of an NMR-elucidated 3D structural ensemble

is heavily dependent on a number of factors, including the

accuracy and completeness of resonance assignments, and

the number and type of structural constraints used. Inter-

proton distances derived from NOE spectra remain the

major source of information used in NMR structure cal-

culations. The quality and precision of an NMR-elucidated

structural ensemble can greatly benefit from correct

assignment of resonances from prochiral groups (e.g.

methylene protons, aromatic ring protons, isopropyl methyl

groups, etc; Billeter et al. 1989; Driscoll et al. 1989;

Güntert et al. 1989; Folmer et al. 1997; Kainosho et al.

2006). Perhaps the most important prochiral class in pro-

teins comprises the methyl groups of Leu and Val residues

which are often found in the hydrophobic core of proteins

and form important long-range inter-residue contacts (Ja-

nin et al. 1988; Lo Conte et al. 1999; Tugarinov and Kay

2005). NOEs between methyl groups are therefore crucial

for resolving the structure of the hydrophobic core of a

protein. Stereospecific assignments can greatly improve the

precision of NMR structures by allowing NOEs to be

accurately assigned to specific methyl groups and thus

avoiding the use of floating prochiral assignments or

pseudo-atoms (Güntert et al. 1989).

The methyl groups in leucine (Leu) or valine (Val) side

chains are useful sources of structural information. In

general methyl groups have strong NMR signals due to

proton multiplicity and rapid rotation around the 3-fold

methyl symmetry axis, and consequently give rise to easily

detected NOE crosspeaks (Tugarinov and Kay 2003). In

the past 25 years several approaches have been developed

Electronic supplementary material The online version of this
article (doi:10.1007/s10858-010-9463-3) contains supplementary
material, which is available to authorized users.

M. J. Plevin � J. Boisbouvier � P. Gans

CEA, Institut de Biologie Structurale Jean-Pierre Ebel,

Grenoble, France

M. J. Plevin � J. Boisbouvier � P. Gans

CNRS, Institut de Biologie Structurale Jean-Pierre Ebel,

Grenoble, France

M. J. Plevin (&) � J. Boisbouvier � P. Gans

Institut de Biologie Structurale Jean-Pierre Ebel,
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to allow stereospecific assignment of the prochiral methyl

groups of Leu and Val. Such methods have tended to be

based on either (a) isotope-labeling (Neri et al. 1989; Ostler

et al. 1993; Tate et al. 1995; Atreya and Chary 2001;

Kainosho et al. 2006); (b) measurement of NMR parame-

ters (Sattler et al. 1992; Vuister et al. 1993; Tang et al.

2005); or (c) computational prediction of prochirality from

NMR data or structures (Pristovsek and Franzoni 2006).

The most widely used approach to date involves fractional

isotope labeling of the target protein. In this protocol the

protein is expressed from a minimal culture medium con-

taining 10% [13C]glucose and 90% [12C]glucose (Neri

et al. 1989). The signals of prochiral methyl groups in the

resulting protein can then be differentiated by their phase in

a constant-time (CT) 2D 1H-13C correlated spectrum. This

elegant and simple method has found great use for deter-

mining stereospecific assignments in small and large pro-

teins alike (Tugarinov and Kay 2004; Yee et al. 2006) and

has spawned subsequent variations (Atreya and Chary

2001), and specifically devised NMR experiments (Hu and

Zuidereg 1996), as well aiding the assignment of other

nuclei (e.g. Jacob et al. 2002). One of the main practical

drawbacks is that fractional labeling requires an additional

and separate expression and purification of the target pro-

tein. Due to the low level of isotope enrichment, and

therefore reduced sensitivity in subsequent experimental

analysis, a fractional labeling strategy often necessitates

preparing culture volumes comparable to those required for

the primary [13C,15N]-labeled samples used for resonance

assignment and NOE analysis.

Here, a method is presented that allows simple and

efficient spectroscopic-differentiation of prochiral methyl

groups in proteins. This new strategy utilizes the stereo-

specific enzymatic reactions that occur in the early stages

of Leu and Val biosynthesis in E. coli. The final protein

sample contains a mixture of isotope-labeling at prochiral

sites with partial uniform [13C]-labeling of Leu and Val

side chains and partial [13C1H3]proS-specific labeling. This

labeling pattern allows NMR signals of proR and

proS methyl groups in the resulting protein to be distin-

guished by their sign in CT heteronuclear NMR spectra.

We recently reported the use of a metabolic intermediate

in the biosynthesis pathway of Leu and Val, 2-hydroxy-2-

methyl-butanoate (or acetolactate), for stereospecific label-

ing of proS methyl groups in large proteins (Gans et al.

2010). The addition of 2-[13C]methyl-4[2H3]-acetolactate to

an E. coli expression culture produces a target protein with a

Leu/Val-[13C1H3]proS, [12C2H3]proR-labeling pattern. This

labeling strategy is ideal for high molecular weight proteins,

which require a high-level of background deutera-

tion. U-[2H,13C,15N]-labeled proteins with specific Leu/

Val-[13C1H3]proS-labeling can be conveniently prepared

from a D2O-based expression medium supplemented with

2-[13C]methyl-4[2H3]-acetolactate and U-[2H,13C]glucose.

Acetolactate is thus an attractive alternative to using a-ke-

toisovalerate (Goto et al. 1999; Lichtenecker et al. 2004;

Tugarinov and Kay 2003). The main advantage in using

acetolactate stems from the fact that a-ketoisovalerate is

only available as a racemic mixture and thus results in equal

labeling of proR and proS methyl groups across the sample,

although with only a single [1H,13C]-labeled methyl group

per residue (Tugarinov and Kay 2003).

In a 2D CT 1H,13C heteronuclear NMR spectra of a

uniformly [13C]-labeled protein all methyl group reso-

nances have the same phase and consequently prochiral-

specific assignments of Leu/Val methyl groups can not be

determined (Fig. 1a). However, it is possible to manipulate

the labeling patterns of the side chains of Leu and Val by

supplementing the expression medium with suitable met-

abolic precursor. Using 2-[13C]methyl-acetolactate pro-

duces a labeling pattern in which the proS methyl group is

[13C]-labeled while the remainder of the side chain is

[12C]-labeled. As Leu-Cc and Val-Cb sites are [12C]-labeled

the signal arising from a proS methyl group is not affected

by the evolution of a 1JCC coupling during the CT period

and thus the corresponding signals appear 180� out of

phase compared to the same signal in a uniformly [13C]-

labeled sample (Fig. 1b).

Adding a saturating amount of 2-[13C]methyl-acetolac-

tate removes crosspeaks originating from proR methyl

groups (ignoring the residual [13C]-labeling derived from

natural abundance). However, if a smaller, non-saturating

amount of 2-[13C]methyl-acetolactate is used in addition to

U-[13C]glucose then both proR and proS resonances will be

detected as, over the whole NMR sample, certain prochiral

sites would be derived from glucose and others from

2-[13C]methyl-acetolactate (Fig. 1c). With this mixed-

labeled sample the proS crosspeak observed is the sum of

the opposite-phased glucose-derived and acetolactate-

derived proS crosspeaks. The phase of the proS peak can

therefore be manipulated by changing the amount of

2-[13C]methyl-acetolactate used. For example, if 66% of

the metabolic pool of Leu and Val has been produced

using 2-[13C]methyl-acetolactate then the glucose-derived

proS signal would be completely cancelled out. This sce-

nario would result in a spectrum in which the proR and

proS crosspeaks appear 180� out of phase (Fig. 1c). Fur-

thermore, the proR and proS crosspeaks would have equal

intensity but at 33% of the signal intensity normally

observed in spectra of a protein produced using

U-[13C]glucose alone.

Protein production for NMR assignment or NOE-based

structural analysis commonly involves the expression of

the target protein from several liters of U-[13C,15N]-enri-

ched minimal expression medium. This strategy is outlined

in Fig. 2a and is essentially routine for the characterization
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of smaller proteins (e.g.\25 kD). To obtain stereospecific

assignments using a fractionally-labeled sample (e.g. with

5 or 10% [13C]-labeling) requires a separate round of

protein expression using a specially prepared expression

medium containing a different isotope composition

(Fig. 2b; Neri et al. 1989).

proR proS

CH3 (S)(R) H3C
C

U-[1H,13C]glucose

proR proRproS

CH3 (S)(R) H3C
C

(a) (b) (c)

proS

66%  2-[13C]methyl-acetolactate
U-[1H,13C]glucose

100%  2-[13C]methyl-acetolactate

Fig. 1 Isotope-labeling patterns in prochiral methyl groups. a media

containing U-[13C]glucose as the sole carbon source produces

proteins in which the side-chains of Leu and Val are uniformly

[13C]-labeled and consequently both methyl peaks have the same

phase in a CT HSQC spectrum; b supplementing the expression

medium with a saturating amount of 2-[13C]methyl-acetolactate

produces Leu and Val residues in which only the proS group is [13C]-

labeled, regardless of whether the glucose used was [13C]-labeled or

not. The proS crosspeak would appear 180� out of phase to those in

(a). c using sub saturating amounts 2-[13C]methyl-acetolactate in

addition to U-[13C]glucose results in a protein sample with a mixture

of labeling patterns for Leu and Val side-chains. In a CT HSQC

spectrum of such a sample the proR and proS crosspeaks appear 180�
out of phase

UNIFORM
(13C,15N)

U-[13C,15N] protein

+ 66 %
2-[13C]methyl-
acetolactate

U-[13C,15N] protein 
with stereospecific

Leu/Val-[13C1H3]proS-labelling

Stereospecific
assignments

small-scale (< 50 mL)

Assignments,
distance constraints, etc

Stereospecific
assignments

FRACTIONAL
(12C/13C)

Fractionally labeled
[12C/13C] protein

UNIFORM
(13C,15N)

U-[13C,15N] protein

Assignments,
distance constraints, etc

3D structure 3D structure

(a) (b) (c)

Fig. 2 Production of isotope-labeled samples for analysis by NMR

spectroscopy. a an example of standard large-scale protocol for the

production of U-[13C,15N]-labeled proteins. Proteins are expressed

from a uniformly [13C,15N]-labeled expression medium. This sample

is ideal for backbone and side chain assignment and the acquisition of

structural restraints, but it cannot be easily used for determining

stereospecific assignments of prochiral methyl groups. b A fractional

labeling approach can be used to establish stereospecific resonance

assignments of prochiral methyl groups. In this instance the protein is

expressed from a large-scale culture medium containing only 10%

[13C]glucose and 90% [12C]glucose. In a CT HSQC spectra recorded

of this sample the crosspeaks of proR and proS methyl groups will be

180� out of phase. These stereospecific assignments can then be

included in subsequent structural analyses. c Obtaining stereospecific

assignments using 2-[13C]methyl-acetolactate and a standard uni-

formly [13C,15N]-labeled expression medium. A small aliquot

(4–50 mL) of the primary expression culture is taken at an optical

density of 0.7. 2-[13C]methyl-acetolactate is added at sub-saturating

levels (the amount added is dependent on the amount of glucose

used—see main text) and protein expression is induced 1 hour later

(Gans et al. 2010). In a CT HSQC spectra recorded of this sample the

crosspeaks of proR and proS methyl groups will be 180� out of phase.

These stereospecific assignments can then be included in subsequent

structural analyses
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The availability of acetolactate means that an alternative

protein production strategy for isotope-encoded differenti-

ation of prochiral methyl group crosspeaks can be pro-

posed. As outlined above, it is possible to supplement

acetolactate to a glucose-containing medium at level that

suppresses the glucose-derived proS signal but retains the

proR signal. This labeling pattern would give a final

effective level of isotope labeling of approximately 33%,

which is significantly higher than the 5-10% obtained using

a fractional labeling protocol. As a sample produced using

acetolactate has a higher effective concentration less

sample is required for NMR analysis and consequently

sufficient protein can be obtained from a much smaller

volume of culture. Furthermore, acetolactate can be added

to a uniformly-labeled culture medium. These two factors

allow a new expression protocol to be proposed (Fig. 2c) in

which a small aliquot (\50 mL) is taken from the primary

U-[13C,15N]-labeled expression culture to which a suffi-

cient amount of 2-[13C]methyl-acetolactate is added to

ensure that approximately 66% the metabolic reservoir of

Leu and Val is derived directly from the precursor. Protein

expression is induced 1 hour later. As outlined in Fig. 1c, a

CT HSQC spectrum of a protein produced in this way will

still contain all the information that would be available

using a U-[13C,15N]-labeled sample. However, the cross-

peaks originating from proS methyl groups would be

inverted with respect to the corresponding signal from a

uniformly labeled sample.

The implementation of this approach in protonated

expression media required a slight modification of the

published synthesis scheme for acetolactate. The previously

reported protocol produces 2-[13C]methyl-4[2H3]-acetolac-

tate (Gans et al. 2010). This molecule is optimal for studying

larger molecular systems as deuteration of the proR methyl

group reduces the inter-methyl group dipolar interaction

(Tugarinov and Kay 2003; Gans et al. 2010). When using

protonated glucose to produce a uniformly protonated

sample (e.g. using the protocol outlined in Fig. 2) it is nec-

essary that the proR methyl group and directly bonded car-

bon (i.e. Leu-Cc or Val-Cb) is protonated as this ensures that

the signal of the proS group produced on adding

2-[13C]methyl-acetolactate has an identical chemical shift

and linewidth to that produced from uniform [13C]-labeling

with glucose. Thus, 2-[13C]methyl acetolactate was pre-

pared by deprotection of ethyl 2-hydroxy, 2[13C]methyl-3-

oxobutanoate in H2O at pH 13.0 using the conditions pre-

viously described (Gans et al. 2010). Using fully-protonated

2-[13C]methyl acetolactate instead of 2-[13C]methyl-4[2H3]-

acetolactate resulted in spectra in which the acetolactate-

derived crosspeaks overlapped perfectly with their glucose-

derived counterparts.

This new labeling approach for determining stereospe-

cific assignments of Leu and Val methyl groups was tested

on three proteins: ubiquitin (8 kD), a T50V mutation of the

CAP-Glycine domain of the p150Glued subunit of dynactin

(8 kD; Plevin et al. 2008) and YajG, (20 kD; Boudet et al.

2007). Each target protein was prepared from a small

volume culture of [13C,15N]-labeled minimal medium. The

volume used was dependent on the expression level of the

target protein and typically between 4 and 50 mL. Each

culture was supplemented with 2-[13C]methyl-acetolactate

when the optical density at 600 nm (OD600) reached 0.7.

Protein expression was induced one hour later using IPTG

(Gans et al. 2010). In each instance the protocol for cell

growth and protein expression was identical to that

employed for the preparation of a U-[13C,15N]-labeled

sample, up to the addition of 2-[13C]methyl-acetolactate.

Following protein expression each sample was purified in a

single step using immobilized-nickel affinity chromatog-

raphy. Eluted samples were then concentrated to 0.5 mL

before undergoing 3–4 rounds of buffer exchange by

ultrafiltration. The final protein concentrations used for

NMR analysis were between 50 and 200 lM.

CT 1H-13C HSQC spectra were recorded of each protein

using an unmodified pulse sequence from the BioPack

library (Varian) with the CT period set to 27 ms. Fig. 3

shows examples of 2D spectra recorded of U-[13C,15N]-

labeled samples using U-[13C]glucose alone and those

prepared using U-[13C]glucose and 2-[13C]methyl-aceto-

lactate. As predicted from Fig. 1C, a subsection of cross-

peaks in spectra recorded of samples expressed in the

presence of 2-[13C]methyl-acetolactate change phase

(Fig. 3). Plotting the negative and positive crosspeaks in

different spectra unambiguously differentiates the two

classes of prochiral methyl groups and easily allows ste-

reospecific assignments to be made (Fig. 4).

The amount of acetolactate required to achieve perfect

cancellation of glucose-derived proS crosspeaks is depen-

dent on the amount of glucose used in the expression

medium. 50-100 mg/L of 2-[13C]methyl-acetolactate was

found to be sufficient for media containing 2 g/L [13C]-

glucose (Figs. 3, 4 and Supplementary Figure 1) while the

amount 2-[13C]methyl-acetolactate required increased to

180-220 mg/L when using 3 g/L glucose (Supplementary

Figure 1). There exists the possibility of minor culture-by-

culture variations in the uptake and/or incorporation of the

precursor, however the results presented here (Figs. 3, 4

and Supplementary Figure 1) demonstrate that our new

approach is sufficiently robust to tolerate these differences.

The overall net level of isotope labeling in the final

sample is 100% and approximately 33% for non-prochiral

and prochiral methyl sites, respectively, which allows a 2D

CT HSQC spectrum of sufficient intensity and resolution to

be collected in less than one hour, depending on the sample

concentration. To achieve the same level of sensitivity with

a sample prepared using the fractional-labeling approach
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would require either 3–4 times as much protein (Supple-

mentary Figure 2) or 9–16 times more spectrometer time.

It was recently reported that acetolactate derivatives for

isotope-labeling of protein samples are commercially

available (Ruschak et al. 2010). The data presented in

Figs. 3 and 4 was obtained from protein samples prepared

using 2 g/L U-[13C]glucose and\100 mg/L 2-[13C]methyl-

acetolactate. For a small scale culture (e.g. 50 mL) the total

isotope consumption is only 0.1 g U-[13C]glucose and *5

mg 2-[13C]methyl-acetolactate. The additional cost of

supplementing a 50 mL expression media with a subsatu-

rating amount of 2-[13C]methyl-acetolactate would be less

than $10.

Most importantly, the background isotope labeling

scheme of the expression medium (e.g. U-[13C]glucose,

U-[15N]NH4Cl) is identical to that used in the preparation

of the main uniformly-labeled sample used for resonance

assignment and NOESY data collection. This means that,

using the protocol detailed here, it is not necessary to

produce multiple large-scale cultures with different isotope

enrichment schemes. As outlined in Fig. 2c, it is sufficient

to take a small aliquot of the main culture and use this to

prepare protein samples for prochiral methyl group

assignment in parallel.

One of the advantages of expressing stereospecifically

labeled samples from a standard uniformly-labeled

expression media is that the changes to the resulting CT

HSQC spectra are limited to the prochiral methyl groups

(Figs. 2a, b). This is not the case for fractionally labeled

samples (Supplementary Fig. 2c) where additional changes
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(a) (b) (c)

Fig. 3 Examples of 2D CT HSQC spectra of proteins prepared in the

absence (a) and presence (b, c) of 2-[13C]methyl-acetolactate

(positive contours, black; negative contours, red). All protein samples

were prepared using 2 g/L U-[13C]glucose using small-scale

(\50 mL) expression cultures. Spectra are presented for ubiquitin

(a, b) and the CAP-Gly domain of the p150Glued subunit of dynactin

(c). The boxes in (a) indicate the resonance frequencies for each type

of methyl group. The only crosspeaks to change sign in spectra of

proteins prepared using 2-[13C]methyl-acetolactate (supplemented at

50–100 mg/L) are those from the region containing the methyl groups

of Leu and Val. NMR data were collected using an 800 MHz Varian

Direct Drive spectrometer equipped with pulsed-field gradients and a

cryogenically-cooled triple resonance probe head. CT HSQC spectra

were recorded with (a, b) 256 (t1) 9 640 (t2) complex points and

acquisition times of 21 ms (t1) and 64 ms (t2); or (c) 256 (t1) 9 1,048

(t2) complex points and acquisition times of 16 ms (t1) and 78 ms (t2).

16 scans were collected per indirect increment with the CT delay set

to 27 ms
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C

 (
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m
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L62

L152
L52 L85

L40

L152
L15

L52

L61

L8524
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Fig. 4 Stereospecific assignment of Leu and Val methyl resonances.

(a) region of the CT HSQC spectrum of YajG (positive contours,

black; negative contours, red); Assignments for crosspeaks within the

green box in (a) are provided in two sub spectra showing either the

positive (b) or negative (c) contours of (a). proR methyl groups yield

positive signals (b) while pro S groups yield negative signals (c).

NMR data were collected using an 800 MHz Varian Direct Drive

spectrometer equipped with pulsed-field gradients and a cryogeni-

cally-cooled triple resonance probe head. CT HSQC spectra were

recorded with 256 (t1) 9 1,048 (t2) complex points, acquisition times

of 16 ms (t1) and 78 ms (t2) and 16 scans per indirect increment. The

CT delay set to 27 ms
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in the spectrum are observed, such as the disappearance of

Ile-d1 methyl resonances and the decreases in signal

intensity of crosspeaks of Thr-c1 methyl groups which

could potentially overlap with Leu or Val prochiral methyl

peaks.

For larger proteins or for spectra with considerable

overlap of methyl resonances, removing crosspeaks asso-

ciated with proR methyl groups may greatly ease the pro-

cess of resonance assignment. This can easily be achieved

by increasing the amount of 2-[13C]methyl-acetolactate

used. Supplementing the expression media with saturating

levels of acetolactate would cause complete suppression of

proR peaks and thus decrease spectral crowding (Supple-

mentary Figure 1).

In conclusion, the isotope-labeling strategy outlined

here is a simple yet robust method for producing a protein

in which the stereospecific assignment of prochiral reso-

nances are isotopically pre-encoded. This new approach

benefits from an improved level of isotope-enrichment and

the fact that stereospecific assignments can be obtained

from a 2D CT-HSQC. Both of these factors considerably

decrease the amount of protein required and the time

needed for protein production, as well as reducing spec-

trometer and analysis time. Consequently, the small extra

isotope expense incurred using 2-[13C]methyl-acetolactate

is very easily offset by the reduction in spectrometer costs

and more efficient use of human resources. This new pro-

tocol therefore represents a widely-applicable, straightfor-

ward, cost-effective and reliable method for obtaining

stereospecific assignments of prochiral methyl groups.
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stereospecific proton NMR assignments and their impact on the

precision of protein structure determinations in solution. J Am

Chem Soc 111:3997–4004

Hu W, Zuidereg ERP (1996) Stereospecific assignments of Val and

Leu methyl groups in a selectively 13C-labeled 18 kDa poly-

peptide using 3D CT-(H)CCH–COSY and 2D 1JC–C edited

heteronuclear correlation experiments. J Mag Res B 113:70–75

Jacob J, Louis JM, Nesheiwat I, Torchia DA (2002) Biosynthetically

directed fractional 13C labeling facilitates identification of Phe

and Tyr aromatic signals in proteins. J Biomol NMR 24:231–235

Janin J, Miller S, Chothia C (1988) Surface, subunit interfaces and

interior of oligomeric proteins. J Mol Biol 204:155–164

Kainosho M, Torizawa T, Iwashita Y, Terauchi T, Mei Ono A,

Guntert P (2006) Optimal isotope labelling for NMR protein

structure determinations. Nature 440:52–57

Lichtenecker R, Ludwiczek ML, Schmid W, Konrat R (2004)

Simplification of protein NOESY spectra using bioorganic

precursor synthesis and NMR spectral editing. J Am Chem

Soc 126:5348–5349

Lo Conte L, Chothia C, Janin J (1999) The atomic structure of

protein-protein recognition sites. J Mol Biol 285:2177–2198

Neri D, Szyperski T, Otting G, Senn H, Wuthrich K (1989)

Stereospecific nuclear magnetic resonance assignments of the

methyl groups of valine and leucine in the DNA-binding domain

of the 434 repressor by biosynthetically directed fractional 13C

labeling. Biochemistry 28:7510–7516

Ostler G, Soteriou A, Moody CM, Khan JA, Birdsall B, Carr MD,

Young DW, Feeney J (1993) Stereospecific assignments of the

leucine methyl resonances in the 1H NMR spectrum of

Lactobacillus casei dihydrofolate reductase. FEBS Lett

318:177–180

Plevin MJ, Hayashi I, Ikura M (2008) Characterization of a conserved

‘‘threonine clasp’’ in CAP-Gly domains: role of a functionally

critical OH/p interaction in protein recognition. J Am Chem Soc

130:14918–14919

Pristovsek P, Franzoni L (2006) Stereospecific assignments of protein

NMR resonances based on the tertiary structure and 2D/3D NOE

data. J Biomol NMR 27:791–797

Ruschak AM, Velyvis A, Kay LE (2010) Stereospecific assignment of

leucine methyl groups with carbon-13 in natural abundance or

with random 13C labeling. J Biomol NMR 48:129–135

Sattler M, Schwalbe H, Griesinger C (1992) Stereospecific assign-

ment of leucine methyl groups with carbon-13 in natural

abundance or with random 13C labeling. J Am Chem Soc

114:1126–1127

J Biomol NMR

123



Tang C, Iwahara J, Clore GM (2005) Accurate determination of leucine

and valine side-chain conformations using U-[15N/13C/2H]/

[1H-(methine/methyl)-Leu/Val] isotope labeling, NOE pattern

recognition, and methine Cc-Hc/Cb-Hb residual dipolar couplings:

application to the 34 kDa enzyme IIA(chitobiose). J Biomol NMR

33:105–121

Tate S, Ushioda T, Utsunomiya-Tate N, Shibuya K, Ohyama Y,

Nakano Y, Kaji H, Inagaki F, Samejima T, Kainosho M (1995)

Solution structure of a human cystatin A variant, cystatin A2-98

M65L, by NMR spectroscopy. A possible role of the interactions

between the N- and C-termini to maintain the inhibitory active

form of cystatin. Biochemistry 34:14637–14648

Tugarinov V, Kay LE (2003) Ile, Leu, and Val methyl assignments of

the 723-residue malate synthase G using a new labeling strategy

and novel NMR methods. J Am Chem Soc 125:13868–13878

Tugarinov V, Kay LE (2004) Stereospecific NMR assignments of

prochiral methyls, rotameric states and dynamics of valine

residues in malate synthase. J Am Chem Soc 126:9827–9836

Tugarinov V, Kay LE (2005) Methyl groups as probes of structure

and dynamics in NMR studies of high-molecular-weight pro-

teins. Chem biochem 6:1567–1577

Vuister GW, Yamazaki T, Torchia DA, Bax A (1993) Measurement

of two- and three-bond 13C-1H J-couplings to the C delta carbons

of leucine residues in staphylococcal nuclease. J Biomol NMR

3:297–306

Yee A, Gutmanas A, Arrowsmith CH (2006) Solution NMR in

structural genomics. Curr Opin Struct Biol 16:611–617

J Biomol NMR

123


	A simple biosynthetic method for stereospecific resonance assignment of prochiral methyl groups in proteins
	Abstract
	Introduction
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


