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a b s t r a c t

The Entner–Doudoroff pathway is known to exist in many organisms including bacteria, archea and euk-
arya. Although the common route for carbon catabolism in Escherichia coli is the Embden–Meyerhof–
Parnas pathway, it was shown that gluconate catabolism in E. coli occurs via the Entner–Doudoroff
pathway. We demonstrate here that by supplying BL21(DE3) competent E. coli cells with gluconate in
a minimal growth medium, protein expression can be induced. Nuclear magnetic resonance data of
over-expressed ubiquitin show that by using [1-13C]-gluconate as the only carbon source, and 15N-
enriched ammonium chloride, sparse isotopic enrichment in the form of a spin-pair carbonyl-amide
backbone enrichment is obtained. The specific amino acid labeling pattern is analyzed and is shown to
be compatible with Entner–Doudoroff metabolism. Isotopic enrichment serves as a key factor in the bio-
physical characterization of proteins by various methods including nuclear magnetic resonance, mass
spectrometry, infrared spectroscopy and more. Therefore, the method presented here can be applied to
study proteins by obtaining sparse enrichment schemes that are not based on the regular glycolytic path-
way, or to study the Entner–Doudoroff metabolism during protein expression.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

The Entner–Doudoroff (ED) metabolic pathway has been dis-
covered in Pseudomonas saccharophila in 1952 [1] and describes
the initial steps of carbon catabolism in the cell. It was shown that
when Ps. saccharophila is fed with glucose, which is radio-labeled at
its C1 position, all the 14C signals are recovered as 14CO2 that orig-
inates from carboxyl-labeled pyruvate. This result differs from the
common Embden–Meyerhof–Parnas (EMP) glycolitic pathway [2],
the more common route for the breakdown of carbon, which pre-
dicts that C1 is converted to the methyl carbon in pyruvate. It was
later discovered that the pathway exists in many other Pseudomo-
nas species [3], in other organisms [4] and most importantly in
Escherichia coli [5]. In particular, when E. coli cells are fed with glu-
conate as their sole carbon source, the ED pathway becomes the
dominant route for carbon catabolism [6]. Detailed studies of the
ED pathway have been performed in order to study its key en-
zymes demonstrating that the key factors are the missing phos-
phofructokinase and active 6-phosphogluconate dehydratase
(EDD) and KDPG aldolase (EDA) [7,8].

Isotopic labeling of proteins and other macromolecules serves
as a key factor in the biophysical characterization of their struc-
ture, function and dynamics. A variety of methods, including nucle-

ar magnetic resonance, mass spectrometry, infrared spectroscopy
and more, use isotopic enrichment in order to enhance sensitivity
and resolution [9,10]. For example, over-expression [11] in E. coli
using a minimal medium that is based on enriched isotopes is a
common technique for producing proteins for NMR studies,
enabling the characterization their structure and dynamics. Mul-
ti-dimensional NMR experiments are an essential tool in these
studies [12,13] and require the use of NMR-active isotopes such
as 2H, 13C and 15N. Sparse isotopic enrichment of proteins also
bears many advantages [14–19]; the elimination of the non-
enriched carbons from the spectra results in better resolution
allowing the study of larger proteins; relayed transfers are mini-
mized enabling more accurate structure determinations; coupling
of attached carbons is removed in many cases producing narrower
lines in magic-angle spinning (MAS) NMR experiments and easier
interpretation of relaxation data in solution NMR [20]. More specif-
ically, the first protein structure determination by MAS NMR was
facilitated by the use of 1,3-13C and 2-13C enriched glycerol media
[21], a labeling scheme that was developed earlier for measuring
thioredoxin dynamics by solution NMR [22]. Additional examples
are the successful quantitative dynamics and binding studies of
the 670 kDa 20S proteosome [23] by solution NMR using keto-acid
labeling strategies [14] and the combined cryo-EM/solid-state
NMR structure elucidation of the type III secretion system, a hol-
low needle-like protein filament of E. coli, using 1-13C glucose
and 2-13C glucose as precursors for carbon [24]. The labeling
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patterns generated by these precursors, and by other carbon pre-
cursors [14,15,19,25,26], are all based on the EMP pathway, which
is the main route for the breakdown of carbon in E. coli. There is
therefore an increasing importance in creating diverse enrichment
schemes that will enable the studies of proteins with larger com-
plexity and molecular weight, for unfolded proteins, membrane
proteins, and aggregated proteins, all examples of systems that
produce highly congested NMR spectra. As opposed to protein
overexpression, the production of bacteriophage viruses depends
on the specific host that they infect. It was demonstrated that
when the filamentous bacteriophage Pf1 is produced in its specific
host, Pseudomonas aeruginosa strain K (PAK), carbon catabolism fol-
lows the Entner–Doudoroff (ED) pathway and not the EMP path-
way. Therefore, when 1-13C glucose (and 15NH4Cl) was used as
the sole carbon precursor for Pf1 growth, a 15N–13C’ spin-pair back-
bone labeling scheme was obtained [27] rather than the enrich-
ment of mainly aliphatic carbons [25,28]. However, up to now, it
was not possible to use this pathway in general for every protein
of choice, since it is not possible to over express proteins in this
pathogenic strain.

Here we demonstrate that the ED pathway can be induced in
E. coli strains suitable for protein expression, and therefore the
sparse labeling schemes that arise are different from those pro-
duced following the EMP pathway [2], the common route for gly-
colysis, and follow the ED pathway. As an example, a spin-pair
backbone labeling scheme is shown, in which many but not all car-
bonyl carbons are enriched to various degrees. Some sidechain
methyl and carboxyl groups are fractionally labeled as well.

2. Materials and methods

A pET15-ubiquitin plasmid bearing a His-tag and kanamycin
resistance (104 residues) has been transformed into Novagen
E. coli BL21(DE3) competent cells grown on a typical LB-agar plate
using normal procedures [11]. Reference unlabeled samples for
testing induction were grown in a minimal medium containing
gluconate and ammonium chloride using common protein expres-
sion techniques [11]. A [1-13C]-gluconate labeled sample was ob-
tained by growing a single colony in a starter LB medium. The
preliminary culture was then transferred in a 1:100 ratio to a 1 L
of M9 medium with unlabeled gluconate (5 g/L) and NH4Cl (2 g/
L). The unlabeled culture was pelleted at log phase, washed, and
redissolved in similar concentrations of 1-13C gluconate/15NH4Cl
enriched precursors within a minimal medium with a 1:4 volume
ratio [29]. After 1 h the cells were induced with 0.8 mM IPTG, cen-
trifuged, and lyzed using a microfluidizer. Purification was carried
out on a Profinity IMAC Ni-charged resin (BIO-RAD) followed by
dialysis against a 20 mM sodium-citrate buffer (pH 4.1, 10% D2O).
In all cases, pure protein yields per one liter of unlabeled starting
media were 14–18 mg. Solution NMR experiments were performed
on a Bruker DRX-500 MHz using a dual probe (1D experiment) and
a TXI probe with a Z-gradient (HSQC and HNCO). For the HSQC
experiment (acquired in 65 min.), 235/2048 points were acquired
in t1/t2 for a total of 58/128 ms acquisition times. Data were linear
predicted in the indirect dimension, apodized with a squared co-
sine and zero filled to 512 t1 points. For HNCO (17 h), 96/40/
2048 points were acquired (17.5/11/128 ms) and processed with
linear prediction in both indirect dimensions followed by cosine
square apodization and zero filling to 512/256/2048 points. In both
experiments 16 scans were acquired with a repetition rate of 1s.
The relative peak intensities, and therefore the relative enrich-
ments (with respect to Val), were determined by taking both vol-
ume and peak height ratios (determined from Sparky [30]) of the
HSQC and HNCO spectra, and then averaging over peaks with pre-
ceding carbonyls belonging to similar amino acids. A few peaks

showed large deviations from the average, and were therefore
dropped. [1-13C]-gluconate precursor was obtained from Cam-
bridge isotope laboratories with an enrichment level of 99.4%.

3. Results and discussion

The principal step in the ED pathway (Fig. 1) is the dehydroge-
nation of glucose-6 phosphate (G6P) to 6-phosphogluconate (6PG),
replacing the conversion to fructose-1,6-bisphosphate (FBP) that
normally occurs in the EMP pathway. This step results from the
lack of the enzyme phosphofructokinase (pfk) in organisms in
which the ED pathway is naturally occurring. In the EMP pathway,
FBP is converted to pyruvate and gylceraldehyde 3-phosphate
(G3P/GAP). However in the ED pathway, 6PG is converted to 2-
keto-3-deoxy-6-phosphogluconate (KDPG) in a reaction catalyzed
by 6-phosphogluconate dehydratase (EDD) and KDPG is converted
to pyruvate and to G3P in a reaction catalyzed by KDPG aldolase
(EDA). In both pathways, G3P goes through a series of reactions
that generate precursors for the synthesis of serine, glycine and cy-
stein (from 3PG, 3-phosphoglycerate) as well as phosphoenolpyr-
uvate (PEP) that enters the pentose phosphate pathway (PPP)
resulting in biosynthesis of aromatic amino acids and the TCA cycle
generating oxaloacetate [2,31]. Although the final products of the
two pathways are the same, i.e. pyruvate and G3P, the fate of the
carbons of the precursor are different; while in EMP C-1 of glucose
(marked 13C in Fig. 1) occupies the methyl position in pyruvate, in
the ED pathway it occupies the carbonyl carbon. The ED pathway is
the preferred catabolic route in many Pseudomonas bacteria how-
ever, when E. coli is nurtured with gluconate, the formation of gluc-
onokinase [6] is induced (and two additional enzymes of the ED
pathway, EDD and EDA), leading to the production of 6PG, and
therefore E. coli is forced to follow the ED pathway.

We have shown in the past that for the Pf1 filamentous bacte-
riophage [27], the host of which is Ps. aeruginosa, the naturally
occurring ED pathway leads to carbonyl enrichment if the bacterial
culture is fed with [1-13C]-glucose. Consequently, line narrowing
and spectral simplification were obtained in a multi-dimensional
3D NCC magic-angle spinning solid-state NMR experiment. The
resulting spectra were used for the identification of the chemical
shifts of the isotopically labeled carbonyl carbons belonging to
the capsid of the intact virus. Furthermore, Kay et co. have shown
[32,33] that by feeding E. coli directly with [1-13C]- pyruvate, a car-
bonyl enrichment patterns is also obtained and can be used for
measuring invisible and excited protein states using solution NMR.

In order to verify whether protein expression in a minimal med-
ium containing gluconate follows the ED pathway, we transformed
competent E. coli cells with a plasmid coding for ubiquitin. Cells
were grown initially on unlabeled gluconate and ammonium chlo-
ride and the presence of over-expressed ubiquitin was then veri-
fied by SDS–PAGE (Supporting Fig. S1). Once expression was
verified, a fresh cell culture was grown to log phase using the same
unlabeled precursors and pelleted at log phase. These cells were
then washed and resuspended in a minimal M9 medium contain-
ing [1-13C]-gluconate and 15NH4Cl as the sole carbon and nitrogen
sources, respectively, induced after 1 h and purified. We then per-
formed NMR experiments in solution on the purified ubiquitin
sample. The spectrum in Fig. 2, resulting from a 13C single pulse
experiment, shows that indeed the dominant signal comes from
the carbonyl carbons, that the backbone Ca carbons are completely
suppressed and that sidechains of distinct amino acids have also
been labeled. Most of these aliphatic resonances have already been
associated with the existence of labeled carbonate ions in the
growth medium [27]; they result from the release of 13CO2 during
several processes such as the entry of pyruvate into the TCA cycle,
the conversion of a-ketoisovalerate to leucine and the entry of 6PG
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