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Abstract The addition of labeled a-ketoisovalerate to the
growth medium of a protein-expressing host organism has
evolved into a versatile tool to achieve concomitant
incorporation of specific isotopes into valine- and leucine-
residues. The resulting target proteins represent excellent
probes for protein NMR analysis. However, as the side-
chain resonances of these residues emerge in a narrow
spectral range, signal overlap represents a severe limitation
in the case of high-molecular-weight NMR probes. We
present a protocol to eliminate leucine labeling by
supplying the medium with unlabeled a-ketoisocaproate.
The resulting spectra of a model protein exclusively feature
valine signals of increased intensity, confirming the method
to be a first example of independent valine and leucine
labeling employing a-ketoacid precursor compounds.

Keywords Isotope labeling - Protein NMR - Protein
overexpression - Leucine - Valine

NMR correlations of side-chain methyl groups represent
valuable reporters for protein structure determination, due to
favorable relaxation properties and high abundance in
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hydrophobic cores and on interaction surfaces of proteins
(Tugarinov and Kay 2005a). Progress in NMR methodology
led to a considerable shift of the upper size limit of NMR-
attainable protein structures, especially with the advent of
heteronuclear-edited NOESY techniques (Morshauser and
Zuiderweg 1999; Diercks et al. 1999) or the methyl trans-
verse relaxation optimized spectroscopy (methyl-TROSY;
Ollerenshaw et al. 2003). Concomitant to novel NMR-
techniques, robust protocols for selective labeling of iso-
leucines, valines, leucines, alanines and methionines using
cell-based expression systems have been designed and were
summarized previously (Ohki and Kainosho 2008; Ruschak
and Kay 2010). These methods have to fulfil the criteria of
providing defined isotope patterns at distinct atomic posi-
tions of the macromolecular assembly to suit the NMR
experiment applied. At the same time, these stable isotopes
should be implemented with reasonable synthetic and eco-
nomic efforts. A straightforward approach to generate
methyl labeled proteins is given by the use of an over-
expressing, plasmid transformed Escherichia coli strain.
The bacteria can be grown in minimal medium, supple-
mented with labeled amino acids or metabolic precursors
thereof (Hoogstraten and Johnson 2008). The application of
a-ketoacids in this context avoids the costly challenge of
isotope labeled amino acid synthesis and thus the intro-
duction of the stereocenter at the C, position using synthetic
chemistry. This approach additionally enables facile intro-
duction of nitrogen-15 by using '’N-ammonium chloride as
a source of label. Combinations of 2-ketobutyrate and
2-ketoisovalerate as central metabolites in the biosynthesis
of isoleucine, leucine and valine have been shown to yield
appropriate isotope methyl patterns (often referred to as
ILV-labeling; Tugarinov et al. 2006; Sprangers et al. 2007).
Synthetic routes to access various labeled 2-ketobutyrates
and 2-ketoisovalerates have been published (Gardner and
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Fig. 1 Precursor compounds in ILV-labeling using E. coli expression
systems

Kay 1997; Hajduk et al. 2000; Gross et al. 2003; Lichte-
necker et al. 2004; Schedlbauer et al. 2008) and some of
them are commercially available. ILV-labeling has been
successfully applied to study very large proteins or protein
complexes, including the malate synthase G (82 kDa)
(Tugarinov and Kay 2005b), the aspartate transcarbamoyl-
ase (306 kDa) (Velyvis et al. 2007), the 20S core particle
proteasome (670 kDa) (Sprangers and Kay 2007) or the
translocase motor SecA (204 kDa) (Gelis et al. 2007).
Despite these impressive applications, extensive signal
overlap and restricted sensitivity remain the most profound
challenges in studies of high molecular weight NMR probes.
The limited resolution of complex spectra often results in
incomplete signal assignment and a significant loss of
structural restraints.

Figure 1 gives an overview of the main metabolic
intermediates in ILV-labeling. Selective isoleucine labeling
can easily be realized using either 2-ketobutyrate (Goto
et al. 1999) or (§)-2-aceto-2-hydroxybutanoate (Ruschak
et al. 2010; Ayala et al. 2012) as unique precursor com-
pounds. On the other hand, leucines and valines are labeled
simultaneously in the presence of 2-ketoisovalerate (Goto
et al. 1999) or (S)-2-acetolactate (Gans et al. 2010). Sep-
aration of Val- and Leu-residue methyl resonances has
been realized by suitable NMR experiments which allow
for selective residue type editing (Hu et al. 2012). We
implied a more general approach based on the introduction
of 2-ketoisocaproate as a new precursor for selective leu-
cine labeling. This methodology was successfully applied
and resulted in selective labeling without interfering with
the valine metabolic pathway (Lichtenecker et al. 2013). In
the present study, we have further developed our approach
of independent ILV-labeling to exclusive incorporation of
isotopes into valine residues by applying the well-
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Fig. 2 Synthesis of sodium-('*CHj;)-2-ketoisovalerate 4 and sodium-
2-ketoisocaproate 7. Conditions a tBuOH, methanesulfonyl chloride,
pyridine, THF, —5 °C — RT, 12 h, 64 %, b N,N'-dimethylhydrazine,
diethyl ether, 12 h, 73 %, c lithium diisopropylamide, —78 °C, 1 h,
then '*C-methyliodide, THF, 2 h, 83 %, d IN HCIl, THF, 3 h, 77 %,
e HCl,, Et,;0/CH,CI, 1:1, 0 °C — RT, then 1 M NaOH until pH = 8,
lyophilize, 95 %, f ethanolamine, isobutyraldehyde, H,O, 110 °C,
9 h, 74 %, g NaOH (20 %), 100 °C, 5 h, 81 %

established 2-ketoisovalerate as a metabolic precursor in
the presence of unlabeled 2-ketoisocaproate to saturate the
metabolic branch of leucine biosynthesis. To validate our
hypothesis of independent isotope incorporation into ali-
phatic residues we used a His-Tag GB1 66 amino acid
protein as a model system and tested the appropriate
quantities of additives in the E. coli growth media with the
intention to maximize valine-, while at the same time
repressing leucine-labeling.

Sodium-("*CH;)-2-ketoisovalerate 4 was prepared sim-
ilar to the synthetic routes described previously (Fig. 2;
Hajduk et al. 2000; Lichtenecker et al. 2004). As a first
step, o-ketobutanoic acid 1 was converted to the corre-
sponding dimethylhydrazone-tert-butyl ester 2. Subsequent
methylation using iodo('>C)methane gave compound 3,
which was treated with 1N HCI to cleave the hydrazone to
the a-ketoester. Final hydrolysis was performed with gas-
eous HCI, followed by lyophilization from an aqueous
solution (pH = 8) to a white powder of product 4 in a total
yield of 28 % from 1 and 40 % from '*CHsl. Sodium
2-ketoisocaproate 7 was synthesized as reported (Lichte-
necker et al. 2013) via hydrolysis of isobutylidenehydan-
toin 6 in a total yield of 60 %.

His-tagged-GB1 protein was expressed and purified
according to a protocol described previously (Lichtenecker
et al. 2013). In brief, BL21-pLysS cells, containing the cor-
responding expression plasmid were grown in LB medium at
37 °C. Dilution in ""NH,CI (1 g/L) and glucose (4 g/L)
supplemented M9 medium (250 mL) was followed by
addition of sodium-('*CH;)-2-ketoisovalerate 4 (100 mg/L)
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Fig. 3 a Relative 13C-HSQC signal intensities of valine—(V1-V8)
and leucine methyl groups (L1-L6) of His-tagged GB1 expressed in
presence of sodium—('3CH3)—2—ketoisovalerate 4 (100 mg/L) and
different concentrations of sodium-2-ketoisocaproate 7 (0-300 mg/
L). b Sequence of His-tag-GB1. ¢ '>C-HSQC of His-tag-GB1

and sodium-2-ketoisocaproate 7 (0, 50, 100, 200 and
300 mg/L) 1 hprior to induction. Addition of Isopropy! B-p-
1-thiogalactopyranoside (IPTG) to a final concentration of
0.8 mM at an ODgq of 0.8 induced protein overexpression.
After 16 h of expression at 30 °C, the cells were collected by
centrifugation at 6,000 rpm for 15 min and suspended inice-
cold PBS. Subsequently, the cells were passed through a
French press and the cell lysate was cleared by centrifugation
at 18,000 rpm for 30 min. Purification was performed by
loading the supernatant onto a Ni*" HiTrap 5 mL affinity
column, washed with PBS and eluted with high imidazole
buffer (0.5 M). The protein containing fractions were col-
lected, concentrated and further purified by gel filtration
over a Superdex75 column. N-HSQC and '*C-HSQC

expressed in presence of sodium—('3CH3)—2—ketoisovalerate 4
(100 mg/L) showing valine (blue) and leucine (red) residues. d B¢
HSQC of His-tag-GB1 expressed in presence of sodium—(13CH3)—2—
ketoisovalerate 4 (100 mg/L) and sodium-2-ketoisocaproate 7
(100 mg/L) exclusively showing valine residues

experiments were measured at a protein concentration of
0.5 mM in 20 mM Tris-buffer (pH 7.4, 50 mM NaCl, sup-
plemented with 10 % “H,0). In order to compare '*C
incorporation levels, the '*C-HSQC signal intensities were
divided by the sum of 10 signal intensities of the corre-
sponding '’N-HSQC spectrum.

Figure 3 shows the '*C-HSQC intensities of the 66 amino
acid model peptide His-tagged GB1, expressed in presence
of sodium-(>CH;)-2-ketoisovalerate 4 (100 mg/L) and
increasing amounts of sodium-2-ketoisocaproate 7 (50-
300 mg/L) relative to the control protein, which was grown
in a medium devoid of unlabeled compound 7 (Fig. 3a
black). The results depicted in Fig. 3a evidence decreasing
Leu-signal intensities as a function of the precursor 7
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Fig. 4 Approaches for Leu/
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concentration in the overexpression medium. Complete
extinction of the methyl signals resulting from the three
leucines present in the protein sequence was reached at
100 mg/L of sodium-2-ketoisocaproate 7 (Fig. 3c, d). Under
these conditions, a significant increase of the valine-methyl-
resonance intensities was observed, proving the transfor-
mation of sodium-(13CH3)—2-ketoisovalerate 4 to Val-resi-
dues to be more effective in presence of unlabeled sodium
2-ketoisocaproate 7 (Fig. 3a). Higher concentrations of
unlabeled 2-ketoisocaproate (>100 mg/L) led to a slight
decay of valine signal intensity. Therefore, the optimal ratio
of precursor compounds in the minimal medium was iden-
tified as a 1:1 mixture (100 mg/L each) since these condi-
tions resulted in complete deletion of leucine signals and a
maximum increase of valine signal intensities.

When it comes to large proteins, a high deuteration
grade may be required in order to decrease transverse
relaxation rates and improve sensitivity. In this case, fully
H-labeled 2-ketoisocaproate may be applied. This deu-
terated precursor is synthetically accessible via a route
similar to the one we described recently (Lichtenecker
et al. 2013). In summary, we could show that addition of
unlabeled sodium 2-ketoisocaproate 7 to an E. coli over-
expression medium efficiently saturates the leucine meta-
bolic pathway. The metabolic conversion of labeled
sodium 2-ketoisovalerate 4 to leucine was thus blocked,
leading to exclusive valine labeling from precursor 4. At
the same time, signal intensities derived from valine-
methyl groups were significantly increased. These results
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complete our efforts of separating valine and leucine
labeling, which are summarized in Fig. 4. Protein overex-
pression in presence of labeled 2-ketoisovalerates leads to
concomitant labeling of Val- and Leu-residues (Fig. 4a;
Goto et al. 1999; Lichtenecker et al. 2004). Labeled
2-ketoisocaproates can be used as selective leucine pre-
cursors without any cross-labeling to valine residues
(Fig. 4b; Lichtenecker et al. 2013). Finally, a combination
of labeled 2-ketoisovalerates and unlabeled 2-ketoisocap-
roates results in exclusive valine labeling (Fig. 4c). We
want to point out that in using our methodology different
isotope patterns for Val- and Leu-residues in the same
protein sample become available for the first time. We are
currently working on patterns that will allow for the dis-
crimination of valine-derived through-space connectivities
from those derived from leucines. The resulting spectra
simplification will increase the number of available dis-
tance restraints in the case of large proteins significantly.
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