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An efficient synthetic route is proposed to produce 2-hydroxy-

2-ethyl-3-oxobutanoate for the specific labelling of Ile methyl-c2
groups in proteins. The

2
H,

13
C-pattern of the biosynthetic

precursor has been designed to optimize magnetization transfer,

in large proteins, between these important structural probes and

their corresponding backbone nuclei.

The use of solution NMR spectroscopy to analyze the dynamics,

interactions and function of large proteins (4100 kDa) is

becoming increasingly feasible. Key to this advance has been

the development of protocols for the expression of selectively

methyl-protonated perdeuterated proteins.1 Methyl groups have

been proven to be ideal molecular probes for solution NMR

spectroscopy studies of large proteins. Several protocols for

selective protonation of Ile-d1,
2 Leu-d1/2 and Val-g1/2,

3 Ala-b,4

and Met-e5 methyl groups have been reported. In addition, we

have recently outlined a protocol for the stereospecific proto-

nation of Leu-d and Val-g methyl groups.6 In each of these

protocols an isotope-labelled metabolic precursor or amino

acid is added to a perdeuterated expression culture, which is then

incorporated into the target protein by the bacteria without

detectable scrambling. NMR signals of protonated methyl groups

can be exploited as sensitive site-specific probes for the charac-

terisation of intermolecular interactions7 or the detection of

important structural restraints.8 Methyl-protonated perdeute-

rated proteins can also be used to report molecular dynamics

on a wide range of time-scales.9

One drawback of perdeuteration, even when combined with

methyl-selective protonation, is the unavoidable reduction in the

number of sites that can be monitored by NMR spectroscopy.

It is possible to overcome this limitation by using several comple-

mentary methyl-protonation strategies.1 In this way data can

be collected from several samples with different methyl-

labelling patterns which, when considered together, would

provide a more comprehensive analysis of structure, function

or dynamics. It is therefore highly beneficial to be able to

specifically and selectively protonate as many different types of

methyl groups as possible. Ile has two methyl groups though,

to date, the major focus of isotope-labelling strategies has

been the d1-position.
2 Recently, a protocol for regioselective

isotope-labelling of the g2-methyl group of Ile was proposed10

that uses derivatives of 3-keto-acids.6 However, a synthetic scheme

for the production of this new bioorganic precursor has not yet

been described. Moreover, due to the chemical composition of

the 3-keto acid used, the reported scheme produces Ile residues

in which only the g2 position is [13C]-enriched. Resonance

assignment of methyl groups in large proteins is commonly

achieved by correlating the methyl group signal with previously

assigned signals of backbone nuclei. To efficiently connect

these nuclei using triple resonance NMR experiments requires an

isotope labelling scheme that produces a linear 13C spin system

in the amino acid side chain.11 In this regard, the recently

reported labelling protocol is not optimal as the g2-methyl

group is isolated from nuclei in the protein backbone.

Here, we report a scheme for the chemical synthesis of an

isotopically-labelled metabolic precursor that enables selective

biosynthetic incorporation of g2-methyl protonated Ile into

perdeuterated proteins. The resulting 13C-labelling pattern has

been optimized to allow the protonated methyl group to be

efficiently connected to nuclei in the backbone.

The labelling strategy outlined here is based on 2-(S)-2-

hydroxy-2-ethyl-3-oxobutanoate, a biosynthetic precursor of

Ile in E. coli, which can be conveniently synthesized as

described in Fig. 1 and Fig. S1 (ESIz). Ethyl-labelled 2-hydroxy-

2-ethyl-3-oxobutanoate was prepared in three steps directly

from commercially available materials with a yield of 79%.

Ethyl-protected [U�13C]-3-oxobutanoate (I) was initially treated

with potassium carbonate in the presence of deuterated

iodoethane. The resulting product (II) was then selectively

oxidized by dimethyldioxirane in the presence of Ni(II)

ions as catalysts to produce ethyl 2-hydroxy-2-[2H5]ethyl-

[1,2,3,4-13C4]-3-oxobutanoate. Deprotection of the product

was performed in H2O at pH 13 to produce specifically-

labelled 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate

(III) which was added to an M9/D2O-based E. coli culture
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medium without further purification. The specifically-labelled

2-(S) stereo-isomer of 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]-3-

oxobutanoate is converted in vivo to (S)-3-[13C]methyl-2-oxo-

[5-2H3,4-
2H2][1,2,3-

13C3]pentanoate (IV) by the E. coli enzymes

ketolacid reductoisomerase (EC 1.1.1.86) and dihydroxy-acid

dehydratase (EC 4.2.1.9), before being incorporated into the

Ile side-chain (Fig. 1 and Fig. S1 (ESIz)). Saturation of the Ile

metabolic pathway with exogenous 2-hydroxy-2-[2H5]ethyl-

[1,2,3,4-13C4]3-oxobutanoate was achieved by the addition of

the specifically-protonated precursor at a concentration higher

than 100mg L�1 of perdeuterated culture medium, one hour prior

to induction of protein overexpression (Fig. S2, ESIz). Surpris-
ingly, low-level isotope scrambling of the precursor was observed

at the proRmethyl positions of Leu and Val. This observation

remains difficult to explain considering the current understand-

ing of Ile and Leu/Val metabolic pathways in E. coli. Practically,

however, scrambling to proR sites was efficiently eliminated by

adding saturating amounts (200 mg L�1) of perdeuterated

isovalerate, a precursor of Leu and Val (Fig. S3, ESIz).
The benefits of using methyl-specific protonation can be

most clearly seen in NMR spectra of large perdeuterated

proteins. The Ile-g2 labelling strategy was applied to malate

synthase G, a 723 amino acid single chain protein that

contains 44 Ile residues.12 Fig. 2 shows a 2D methyl-TROSY

spectrum13 of U-[2H,12C,15N], U-[13C0,13Ca,13Cb,13C1H3-g2]Ile-
labelled MSG which was expressed from E. coli supplemented

with 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate. Using

this labelling scheme, it was possible to acquire excellent

quality, well-resolved NMR spectra of MSG. The spectra show

no evidence for CH2D or CD2H isotopomers demonstrating that

H/D exchange of the g2-methyl group does not occur following

the introduction of the precursor to an M9/D2O-based

expression medium. Furthermore, no signals were observed

for Ile-d1 methyl groups and isotope enrichment was specific

for Ile-g2 labelling (i.e. no unwanted labelling of other

methine, methylene or methyl sites). This specificity means

that 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate can

be used in combination with other methyl labelling schemes.2–5

Thus, when used in combination with perdeuterated isovalerate,

specifically-labelled 2-hydroxy-2-ethyl-3-oxobutanoate is an

attractive metabolic precursor for efficient [1H,13C]-labelling

of Ile-g2 methyl groups in fully perdeuterated proteins.

The protocol presented here has several advantages over

previously reported schemes.14,15 First, only the Ile-g2 methyl

groups are observed (Fig. 2), which removes the possibility of

signal superimposition with Ala-b, Thr-g2, Ile-d1 and Val-g1/2
resonances in this overcrowded region of 2D methyl-TROSY

spectra.15 Second, as the level of protonation at the Ile-g2 methyl

position is nearly 100%, a gain in sensitivity of a factor 4 to 6

is expected compared to partially perdeuterated samples.14,15

Moreover, more simple and sensitive pulse sequences can be

used as it is not necessary to filter out signals from unwanted

isotopomers (i.e. 13CH3,
13CH2D or 13CHD2).

16

The labelling pattern of the precursor described here has

been designed to enable the methyl-g2 frequencies to be

connected to carbon and nitrogen nuclei in the backbone via

‘‘out-and-back’’ triple-resonance experiments. The [13C]-labelling

pattern produced when using 2-hydroxy-2-[2H5]ethyl-

[1,2,3,4-13C4]3-oxobutanoate ‘‘linearizes’’ the isoleucine side

chain.11 A protein produced from perdeuterated M9 media

(D2O 4 99.8%, U-[2H]-glucose, 15ND4Cl) supplemented with

saturating amounts of 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]-

3-oxobutanoate will be uniformly perdeuterated with only

the Ile g2-positions protonated (13C1H3 isotopomer only).

The Cg2, C0, Ca and Cb positions of Ile will be [13C]-labelled.

Fig. 1 Simplified protocol for the production of specifically

[13CH3]-Ile-g2-labelled proteins. I: [U-13C]3-oxobutanoate (protected);

II: 2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate (protected); III: 2-hydroxy-

2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate; IV: (S)-3-[13C]methyl-2-oxo-

[5-2H3,4-
2H2][1,2,3-

13C3]pentanoate. Step 1: K2CO3, CD3CD2I; step

2: dimethyldioxirane, Ni(OAc)2; step 3: NaOH, pH 13 (see text and

Fig. S1 (ESIz) for details). 13C atoms are indicated in red. In vivo: the

precursor is added to a 2H/12C/15N M9 media 1 h prior to induction

and is subsequently incorporated into Ile sites in the overexpressed

protein (Fig. S1, ESIz).

Fig. 2 CT-methyl-TROSY spectra acquired for a 1 mM

U-[15N,12C,2H], U-[13C0,13Ca,13Cb,13C1H3-g2]Ile-labelled MSG sample

prepared using 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]3-oxobutanoate.

The spectrum was acquired at 37 1C on an 800 MHz spectrometer.

Each methyl signal has been assigned using ‘‘out-and-back’’ HCC and

HC(C)C experiments which connect Ile-g2 resonances to the sequentially

assigned Ca and Cb resonances.17 The bottom left box displays an

expansion of the region of the spectra (delimited by the dashed box) at

a lower contour level to show weak methyl-g2 cross-peak of Ile-357

(the assignment is based on the analysis of 13C-edited NOESY

experiment—Fig. S4 (ESIz)).
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Only the Cg1 and Cd1 positions of Ile, as all other carbon sites

in the protein, will possess 12C atoms.

Sequence specific assignments of Ile g2-methyl resonances of

MSG (82 kDa) were obtained using ‘‘out-and-back’’ HCC and

HC(C)C-relay experiments recorded for a 1 mM sample of

protein labelled using 2-hydroxy-2-[2H5]ethyl-[1,2,3,4-
13C4]3-

oxobutanoate. Using these two NMR spectra and previously

reported Cb and Ca resonance assignments17 it was possible to

assign 43 of the Ile-g2 methyl resonances detected in 2Dmethyl-

TROSY spectra. Only the g2-methyl resonance of Ile-357

was not detected in 3D spectra due to severe line broadening

of the methyl resonance (Fig. 2). Nevertheless, it was possible to

assign the resonance frequency of this last Ile methyl group to a

weak peak in the 2D-methyl TROSY by using NOEs to

neighbouring assigned methyl groups (Fig. S4, ESIz).
In order to evaluate the utility of this labelling strategy for very

large proteins we have applied it to a multimeric aminopeptidase

(PhTET2) involved in polypeptide degradation in the hyper-

thermophilic Archaea, Pyrococcus horikoshii. PhTET2 assembles

to form a 468 kDa homododecameric particle with tetrahedral

shape.18 Each of the twelve 39 kDa subunits contains

34 isoleucines. A 1 mM sample of U-[2H,12C,15N], U-[13C0,-
13Ca,13Cb,13C1H3-g2]Ile-labelled TET2 was prepared and 2D

methyl-TROSY, 3D HCC and 3DHC(C)C NMR experiments

were acquired. Examples of NMR spectra are presented in

Fig. 3. Despite the large size of PhTET2—characterized by an

overall tumbling time of ca. 0.2 ms at 50 1C—it was still

possible to obtain high quality NMR spectra (Fig. 3). Analysis

of triple resonance experiments recorded on an Ile-g2 specifically
protonated PhTET2 sample demonstrated that, even in such a

large system, it is still possible to detect more than 95% of the

expected correlations between methyl resonances and isoleucine

Cb and Ca resonances. These data demonstrate that this assign-

ment strategy is also applicable to proteins above 100 kDa,

provided that sequential backbone assignment is available.

We have developed a strategy for the incorporation of

U-[13C0,13Ca,13Cb,13C1H3-g2]Ile in perdeuterated proteins

that is ideally suited for NMR spectroscopy studies of large

proteins and complexes. An efficient synthetic route for the

preparation of specifically-labelled metabolic precursors was

presented that uses commercially-available reactants. We have

described how this precursor can be fully incorporated into Ile

residues in vivo without detectable isotope scrambling. The

labelling pattern of the precursor has been designed to ensure

that Ile residues have a ‘‘linear’’ [13C]-labelled spin system which

allows g2-methyl resonances to be correlated with backbone

nuclei. The new precursor and protocol we report here, therefore,

further expand the repertoire of methyl-labelling protocols

and will allow even greater access to structural, functional and

dynamic information in large protein assemblies.
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