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Abstract 13C-a-ketoacid metabolic precursors of phen-

ylalanine and tyrosine effectively enter the metabolism of a

protein overexpressing E. coli strain to label Phe- and Tyr-

residues devoid of any cross-labelling. The methodology

gives access to highly selective labelling patterns as valu-

able tools in protein NMR spectroscopy without the need

of 15N-chiral amino acid synthesis using organic chemistry.
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Main text

As aromatic residues are highly overrepresented in the

hydrophobic core regions of proteins, the unambiguous

identification of NOEs between aromatic and aliphatic side-

chains is of high importance for accurate structure deter-

mination (Lin et al. 2006; Slupsky et al. 1998; Löhr et al.

2007). Tyrosine and phenylalanine residues play a decisive

role in protein binding by contributing to hydrophobic-,

cationic-p-, and polar-p-interactions (Bogan and Thorn

1998). Their exact orientation in space and dynamic

properties are of special interest in fields such as structural

biology, cell physiology and drug development. However,

the marginal shift dispersion of aromatic ring signals often

hinders an accurate NMR signal assignment or reduces the

number of attainable structure parameters. The elucidation

of aromatic side chain dynamic motion by detecting trans-

verse relaxation rates is a difficult task as well, since this

process follows a non-exponential evolution due to 13C–13C

scalar coupling effects within the aromatic side chain spin

system. Site specific 13C- and 2H-labelled aromatic residues

have been applied to tackle these sensitivity and resolution

problems. Aromatic isotope patterns render heteronuclear

NMR experiments possible and close unwanted relaxation

pathways to significantly increase NMR spectra resolution.

The value of selectively labelled aromatic residues for

accurate structure calculation based on NMR data has been

shown impressively in the scope of the stereo-array isotope

labelling technique (SAIL), where the application of label-

led phenylalanine and tyrosine in a cell-free expression

system resulted in a very exact NMR derived structure of the

EPPIb protein (Takeda et al. 2010). Cell-free (CF) expres-

sion systems allow for the assembly of highly specific

protein isotope patterns and have been applied to straight-

forward phenylalanine and tyrosine labelling devoid of

cross-labelling to other residues (Kainosho et al. 2006;

Torizawa et al. 2005). However, CF-systems require the

laborious and expensive synthesis of 15N- amino acids and

often struggle with low protein yields (Staunton et al. 2006).

The application of chemically less complex precursor

compounds in combination with an overexpression system

of a host organism provides a more general approach to

produce labelled proteins at lower synthetic costs (Hoog-

straten and Johnson 2008). Chiral labelled phenylalanine

(Wang et al. 1999; Lee et al. 1995), glycerol (LeMaster and

Kushlan 1996), glucose (Teilum et al. 2006), erythrose
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K. Weinhäupl � R. Konrat

Department of Structural and Computational Biology, Max F.

Perutz Laboratories, University of Vienna, Dr. Bohr-Gasse 9,

1030 Vienna, Austria

123

J Biomol NMR (2013) 57:327–331

DOI 10.1007/s10858-013-9796-9

http://dx.doi.org/10.1007/s10858-013-9796-9


(Kasinath et al. 2013) and shikimic acid (Rajesh et al. 2003)

have been used as nutrients in Escherichia coli expression

hosts, resulting in aromatic residues enriched with 13C or/

and 2H at distinct positions. However, these methods often

suffer from low isotope incorporation levels, low selectivity

concerning the isotope’s spatial distribution in the protein

sequence or require the use of auxotrophic host organisms.

E. coli-based overexpression systems containing

a-ketoacid metabolic precursor compounds have become

routinely used tools for protein labelling and have been

realized by now for leucine- (Lichtenecker et al. 2013),

valine- (Goto et al. 1999; Lichtenecker et al. 2004), iso-

leucine- (Goto et al. 1999), methionine- (Fischer et al.

2007), and alanine- (Ayala et al. 2009) labelling. Surpris-

ingly, reports on the application of phenylalanine- or

tyrosine a-ketoacid precursors are rare with the exception

of a recently published article, describing reversed label-

ling by adding unlabelled sodium phenylpyruvate and

4-hydroxyphenylpyruvic acid to a bacterial growth med-

ium (Rasia et al. 2012). In this study, relative high amounts
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Scheme 1 Reagents and conditions: a KOCN, H2O, 100 �C, 2 h;

then HCl, 120 �C, 3 h, 95 %; b benzaldehyde, AcOH, NH4OAc, 4 h,

120 �C, 85 %; c NaOH (20 %), 5 h, 100 �C, 90 %; d 4-hydroxy-

benzaldehyde, piperidine, 30 min., 130 �C, 65 %; e NaOH (20 %),

5 h, 100 �C, 83 %. Asterisks denote 13C labelling

Fig. 1 HNCO spectra of His-

tag GB1 overexpressed in

presence of sodium [1-13C]-4-

hydroxyphenylpyruvate 6
(200 mg/L, a) and sodium

[1-13C] phenylpyruvate 5
(100 mg/L, b). Primary

sequence of His-tag GB1

featuring three Tyr- and two

Phe- residues, respectively (c)
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of unlabelled precursors have been used (400 and 800 mg/L).

We want to demonstrate, that a lower concentration of

labelled phenylpyruvate and 4-hydroxyphenylpyruvate is

sufficient to introduce specific stable isotope patterns into

Phe- and Tyr- residues, respectively. To validate our

hypothesis we chose an E. coli overexpressing organism

for the synthesis of a immunoglobulin binding protein G

containing a polyhistidine tag (His-tag GB1, 66 residues).

The protein was expressed in presence of different con-

centrations of the labelled aromatic precursors sodium

[1-13C] phenylpyruvate 5 and sodium [1-13C] 4-hydroxy-

phenylpyruvate 6, which were both prepared from the same

low prized source of label [1-13C] glycine 1 (scheme 1)

(Billek 1961a, b, c, modified).

Condensation of hydantoin 2 with benzaldehyde or

4-hydroxybenzaldehyde, respectively, and subsequent

hydrolysis resulted in the formation of the corresponding

a-ketoacids, which were obtained as their sodium-salts by

lyophilisation (details are provided in the supporting

information). His-tag GB1 was overexpressed in an E. coli

medium supplemented with 15NH4Cl and glucose in pre-

sence of increasing concentrations of precursors 5 or 6. The
13C content was quantified by comparing HNCO/HSQC

signal intensity ratios.

Notably, no interference between Phe- and Tyr-

metabolism or cross labelling to other residues was

observed under these conditions, since the resulting HNCO

spectra revealed signals of the targeted residues only

(Fig. 1). Our results clearly show that independent label-

ling of Phe- and Tyr- residues is feasible using a-ketoacid

precursor compounds at concentrations, which are com-

parable to the ones used for aliphatic residue labelling. The

HNCO signals displayed high isotope incorporation levels

at already 100 mg/L of the corresponding precursor in the

medium (Fig. 2) and reached the 13C-content at the C1

position of phenylalanines and tyrosines in an all-13C

protein (overexpressed in presence of 13C6-glucose) at a

precursor concentration of 120–150 mg/L (Fig. 3).

Various stable isotope patterns of phenylpyruvate 5 and

4-hydroxyphenylpyruvate 6 have been already described in

literature, as these compounds represent important inter-

mediates in synthetic routes to access the corresponding

labelled amino acids (Raap et al. 1999). These aromatic-

ring 13C/2H containing metabolic precursors of phenylala-

nine and tyrosine can now be directly applied to in-cell

protein overexpression systems without the need of labo-

rious 15N-introduction and additional assembly of a chiral

Ca using synthetic organic chemistry. As a first example of

ring-labelled aromatic precursors, we prepared sodium

[3,3-2H2] ([3,5-13C2; 2,4,6-2H3] phenyl) pyruvate 7 using

the cheap isotope sources [1,3-13C2] acetone and 2H2O

(for NMR characterization see supporting information).

Figure 4a demonstrates that different isotope patterns are

accessible by this approach. We built the aromatic system

by reacting acetone (commercially available in the

[1, 3-13C2], [2-13C] and [13C3]-form) with sodium nitrom-

alonaldehyde (Akira et al. 1995). Deuteration at the aro-

matic positions is possible independently from backbone

deuteration. Moreover, 13C can be introduced at position 1

and 2 of compound 7 using labelled glycine (commercially

available in all possible 13C-patterns). His-tag GB1 was

Fig. 2 HNCO/HSQC signal intensities of the His-tag GB1 protein,

overexpressed in presence of different concentrations of sodium

[1-13C] phenylpyruvate 5 (a) and sodium [1-13C] 4-hydroxyphenyl-

pyruvate 6 (b). The signal intensities for a His-tag GB1 sample

expressed in presence of 13C6 glucose (4 g/L) are shown in yellow. In

the case of Phe2 and Tyr2 no fully resolved signal resulting from this

all-13C model protein was available for signal intensity determination
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overexpressed in 250 mL of minimal medium similar to

the protocol described above for selective backbone

labelling but containing 25 mg of precursor 7. The result-

ing 13C–HSQC spectra display selective incorporation of

the ring labelled aromatic a-ketoacid (Fig. 4b). Compound

7 is highly expected to find extensive applicability in

protein NMR, since this precursor enables the installation

of isolated 13C–1H spin systems in a highly deuterated

environment for detecting spin-relaxation rates (Kasinath

et al. 2013) and features alternating 13C–C–13C ring

patterns to reduce 13C–13C scalar coupling (Takeda et al.

2010). The synthesis of ring-labelled aromatic precursor

compounds is currently ongoing in our laboratories.

Therefore, details concerning the synthesis of precursor 7

will be published in due course, together with the prepa-

ration of alternative isotope patterns of phenylpyruvate and

4-hydroxyphenylpyruvate.
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Fig. 3 HNCO/HSQC signal intensity of Phe1 (a) and Tyr1/Tyr3 (b) relative to all-13C His-tag GB1 signals as a function of the precursor

concentration in the growth medium

Fig. 4 a Structure of ring-

labelled sodium phenylpyruvate

7; the isotope sources [1,3-13C2]

acetone and D2O, as well as the

potential 13C-source glycine are

shown in grey; b 13C-HSQC of

His-tag GB1 overexpressed in

presence of compound 7
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