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Abstract
The complex metabolic makeup of a biological system, such as a cell, is a key determinant of its
biological state providing unique insights into its function. Here we characterize the metabolome
of a cell by a novel homonuclear 13C 2D NMR approach applied to a non-fractionated
uniformly 13C-enriched lysate of E. coli cells and determine de novo their carbon backbone
topologies that constitute the ‘topolome’. A protocol was developed, which first identifies traces in
a constant-time 13C-13C TOCSY NMR spectrum that are unique for individual mixture
components and then assembles for each trace the corresponding carbon-bond topology network
by consensus clustering. This led to the determination of 112 topologies of unique metabolites
from a single sample. The topolome is dominated by carbon topologies of carbohydrates (34.8%)
and amino acids (45.5%) that can constitute building blocks of more complex structures.

INTRODUCTION
A distinctive feature of biological systems is their high level of chemical complexity. A
multitude of metabolites serve diverse cellular functions, such as messengers, enzymatic
substrates, energy source, and molecular and structural building blocks. The metabolic
characterization of biological samples either uses potentially elaborate chromatographic
separation procedures prior to analysis or it applies NMR or mass spectroscopic methods
directly to the non-fractionated samples.1 The latter approach is commonly used for the
identification of biomarkers by statistical analysis of 1D NMR spectra from different
samples and for the identification of metabolites by databank screening. Many biological
samples, however, contain a significant number of unknown metabolites that are not
catalogued in databanks. Their systematic identification and structural characterization is
therefore an important target. Although more time-consuming than 1D NMR, the achievable
gain in resolution makes 2D NMR an attractive method for this task. For sensitivity reasons,
so far, a majority of applications has been based on 2D 1H NMR experiments taking
advantage of the high natural abundance of proton spins and their relatively large magnetic
moment.2 The strong conformation-dependence of vicinal 3J(1H,1H)-couplings, however,
can cause uneven magnetization transfer in TOCSY and COSY spectra, thereby impeding
the assignment of cross-peaks to individual spin systems or entire molecules. Furthermore,
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the spectral information of protons may not be sufficient for the complete reconstruction of
the carbon backbone of metabolites and their bonding topology, which is a prerequiste for
structure determination.

Here we present a comprehensive approach for the characterization of the metabolic content
of uniformly 13C-enriched cells based on homonuclear 2D 13C NMR. The large one-bond
scalar couplings (1J(13C,13C) > 30 Hz) make the efficient transfer of spin magnetization
during 13C-TOCSY mixing possible.3 On the other hand, the same 1J(13C,13C)-couplings
lead to broad multiplet structures4 resulting in increased cross-peak overlap. They can be
mitigated along the indirect ω1 dimension by 13C-13C constant-time (CT) TOCSY
spectroscopy.5

RESULTS
Figure 1 compares a spectral region of E. coli cell lysate of a 2D 13C-13C CT TOCSY with a
regular 2D 13C-13C TOCSY (Figure S1 shows the full CT-TOCSY spectrum). The presence
of homonuclear 1J(13C,13C)-couplings leads to prominent peak splittings with average
multiplet widths ~75 Hz, which substantially exceed the intrinsic line widths. In the regular
2D TOCSY these splittings appear along both frequency dimensions leading to severely
congested cross-peak regions (Figure 1A). By contrast, the CT-TOCSY (Figure 1B) is
decoupled along the ω1 dimension with respect to the dominant 1J(13C,13C)-couplings and
therefore displays significantly reduced cross-peak overlap. The resolution enhancement
along ω1 over the standard 2D 13C-13C TOCSY amounts on average to a factor >4,
improving the average multiplet width from >70 Hz to ~15 Hz, which turned out to be
critical for the analysis of a spectrum of the complexity of a cell lysate. The favorable
resolution achieved in this way is not a limiting factor any longer, except for the analysis of
highly complex carbohydrate mixtures, which could benefit from partial fractionation prior
to the NMR experiments.

The TOCSY spectrum with a sufficiently long mixing time correlates 13C spins within the
same spin system with each other. For linear spin systems, the transfer efficiency over
~10 13C spins is quite efficient for the mixing time of 47 ms used here (see Figure S5). In
principle, a cross-section through a cross-peak along ω2 (ω1) represents the homonuclear
(de)coupled 13C 1D spectrum of the corresponding spin system.6 However, full or partial
peak overlap along one of the frequency domains produces traces that contain additional
peaks, which stem from nearby cross-peaks of other mixture components. For more complex
mixtures the extraction of ‘pure’ traces is increasingly hard because of the higher likelihood
of peak overlaps. To minimize spurious peaks in CT-TOCSY cross sections, a filtering
procedure (DeCoDeC) was applied, which generates from a pair of TOCSY traces a
consensus trace that contains only peaks that appear in both original traces.7 The consensus
trace is notably more robust with respect to partial or complete peak overlaps than either one
of the input traces (see Supporting Information for details). The two input traces were taken
as cross sections along ω2 through cross-peaks symmetrically placed with respect to the
diagonal. The resulting set of consensus traces was then subjected to hierarchical clustering
as visualized by the dendrogram in Figure 2A. It permits the straightforward extraction of
cluster centers that represent unique spin systems. In this way, 98 spin systems were
identified, whose 1D traces are depicted in Figure 2B. Cluster traces with a signal-to-noise
ratio as low as ~10:1 were recognized with high fidelity benefitting from the remarkably flat
base plane of the 13C-13C CT-TOCSY spectrum, which, unlike 1H-detected NMR spectra,
does not suffer from the presence of a strong solvent peak. Remaining peaks with low
signal-to-noise (due to low concentration of the corresponding compound) were manually
analyzed as discussed below.
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In a next step, from each cluster center trace j of Figure 2B a correlation spectrum Sj was
reconstructed containing all 13C-13C cross-peaks expected from its cluster trace as described
in the Methods section. The cross-peaks of the original CT-TOCSY T could then be
assigned to individual cluster center traces by direct comparison with Sj. Figure 3 depicts
selected regions of the CT-TOCSY spectrum (Panels A,C) for comparison with the
superposition of all spectra Sj (Panels B,D). Very close agreement in peak positions and
multiplet structure between the original and the back-calculated spectrum attest to the high
degree of completeness achieved for the assignment of cross-peaks to specific spin systems.
This is further illustrated in Figures S3,S4, which depict the connections between 13C-13C
cross-peaks for the ribose of adenosine and leucine, respectively, derived from the back-
calculated spectra of these 2 metabolites. The cross-peaks that could not be assigned in this
way have on average a signal-to-noise S/N ~5, which is a factor 5 lower than the median S/
N of the assigned peaks. Based on manual inspection of unassigned cross-peaks an
additional 14 spin systems were uncovered, bringing the total number of spin systems
identified in the E. coli cell lysate sample to 112.

The connectivity information of 13C-13C TOCSY spectra directly reports about covalent
carbon-carbon bonds. For this purpose, we used the short-mixing time (4.7 ms) 13C-13C CT-
TOCSY spectrum (Tshort) in order to reconstruct the full carbon backbone structures
(molecular topologies) of each metabolite. Because the one-bond 1J(13C,13C)-couplings
dominate the 2J(13C,13C) and 3J(13C,13C) couplings, a cross-peak in Tshort is direct evidence
for the presence of a chemical bond between two carbon atoms. When superimposing a
correlation spectrum Sj, reconstructed from cluster center trace j on Tshort, the cross-peaks of
Sj that coincide with a cross-peak in Tshort represent a carbon-carbon chemical bond,
while 13C pairs that do not show a cross-peak in Tshort do not have a chemical bond between
each other. Since the TOCSY spectrum did not cover the carbonyl and carboxyl 13C
resonances (~176 ppm) due to 13C radio-frequency offset effects, we used the 13C-13C
COSY to establish connectivities to those carbon moieties. From the chemical bond
information derived from the Sj spectra, a bond connectivity matrix was derived for each
consensus trace, which was then converted into the topology network by graph theory
(Figure 4). To independently validate the topologies obtained in this way, the multiplet
structure of each TOCSY cross-peak was examined. Carbons that are bonded to one, two,
three, or four other carbons show the characteristic multiplet patterns with intensity ratios
1:1, 1:2:1 (or 1:1:1:1), 1:3:3:1, and 1:4:6:4:1, respectively. As is demonstrated in Figure 4
for coenzyme A, the ribose of uridine, β-galactose and leucine, the multiplet patterns
provide a rigorous consistency test of the topologies without requiring any additional
experiment.

All 112 identified metabolite topology networks were tested for consistency in this manner.
The sum of all topologies, termed the metabolite ‘topolome’, is depicted in Figure 5A. It
consists of 10 different topology types (Figure 5B), which include up to 7 carbons (note that
topologies with a single carbon are not included here because they do not give rise to a 13C
TOCSY or COSY cross-peak). The observed occurrences of each topology, listed in Figure
5B, range between 1 (topologies b,c,d) and 31 (topology g). It should be noted that these
topologies refer to the carbon spin systems only. For example, the carbon spin system of
ribose is linear while its chemical structure is cyclic whereby the ether linkage prevents
magnetization transfer between oxygen-linked carbons. Secondary carbons are encountered
most often with a relative occurrence of 54%, followed by primary carbons (topological end
groups) (45%), tertiary carbons (0.8%), and quarternary carbons (0.2%). The most frequent
topology consists of 5 linearly arranged carbons (topology g), whereas the ‘average’
topology has 4.5 linearly arranged carbon atoms. The topolome was then linked to known
molecules by screening each cluster center trace against the 1D 13C spectral metabolomics
library of the BioMagResDatabank8 using the COLMAR web server.9 This yielded unique
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molecular assignments of 29 cluster traces (spin systems) belonging to 27 metabolites listed
in Figure 5B, which include 12 unliganded amino acids, 6 riboses of larger nucleic-acid
containing molecules, and 3 monosaccharides containing six carbons. The majority of these
27 metabolites were also observed in E. coli cell extracts by mass spectrometry.10 The
largest discrepancy between the mass spectrometry and NMR results concerns
carbohydrates, since the number of hexoses and other 6-carbon sugars detected by NMR (23
compounds) significantly exceeds the one observed by mass spectrometry (11 compounds).
Some of these carbohydrate units may be part of as yet uncharacterized or uncatalogued
structures, while others may represent isobaric isomers, whose distinction by mass
spectrometry is a challenge.11 13C-13C TOCSY traces of carbohydrates provide
straightforward access to their carbon topologies, while chemical shift changes uniquely
identify the carbon modification sites. For example, all 4 glucosamine-like topologies
observed here have the nitrogens attached at their C2 positions, which is the same as for
glucosamine. These differences underline the complementarity of these two experimental
methods.

DISCUSSION
High-resolution solution NMR of biological mixtures typically detect hundreds to thousands
of peaks of both known and unknown compounds, which can be used for a wide range of
applications, including compound identification, quantification, and de novo
characterization of unknown species, that cross the boundaries between traditional natural
products research and metabolomics.12 While database searching can dramatically
accelerate the verification of the presence of known compounds, the characterization of
unknown compounds remains a major challenge. The classical approach, which is the
method of choice in natural products research, uses chromatographic separation until
individual compounds are isolated so that they can be further characterized individually.
Because this approach is too time-consuming for metabolomics-type applications, methods
are needed that do not require extensive fractionation. Here, we introduced a
multidimensional NMR-based approach for both types of analysis of metabolite mixtures of
uniformly 13C-labeled organisms. The favorable spectral resolution and baseline properties
of the 13C-13C TOCSY correlation spectra allow a rigorous, semi-automated analysis of the
mixture in terms of the carbon-backbone topologies of the underlying components with
concentrations in the sub-mM to hundreds of mM range. This permitted the reconstruction
of the full topolome consisting of 112 spin systems or chemical species detectable by NMR.
From the cluster center traces, each representing a metabolite 13C spin system, a remarkably
complete reconstruction of the CT-TOCSY could be achieved (Figure 3), which accounts for
over 94% of all observable CT-TOCSY cross-peaks. Resonances that are not accounted for
either have very low signal-to-noise or they fall into the few highly crowded regions, such as
the ones around 70–72 ppm and 84–86 ppm (Figures 3 and S1). In addition, analysis of the
multiplet pattern of each 13C resonance permitted independent validation of each topology.
Together, these methods enable the rapid and reliable identification of the very large number
of topologies reported here. This approach represents a significant advance over alternative
methods of chemical structure determination in complex mixture.13 An additional advantage
of direct 13C detection is that non-protonated carbons can be directly detected, including
carbonyl and carboxyl carbons whose correlations with other carbons are obtained from
the 13C-13C COSY. Since carbonyl and carboxyl carbons possess significantly
larger 1J(13C,13C)-couplings (~55 Hz) than most other C-C bonds (~35 Hz), multiplet
patterns observed in CT-TOCSY independently validate the carbonyl and carboxyl
substituents observed in the 13C-13C COSY experiment. For example, in Figure 4D the
resonances of leucine Cα and Cβ, which are both secondary carbons, show the distinct
multiplet patterns 1:1:1:1 and 1:2:1, respectively, consistent with the attached carboxyl
group to Cα.
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The topolome detected for E. coli reveals that the most frequent topology with 31
occurrences is linear containing 5 sequentially bonded carbons (topology g in Figure 5).
This topology comprises glutamate and 8 glutamate-like compounds or spin systems. It also
includes 13 riboses and only 1 deoxyribose, reflecting the larger structural and functional
diversity of ribose-containing molecules over deoxyribose-containing molecules. The
method differentiates between isomers that slowly interconvert on the NMR chemical shift
timescale. The second most frequent topology with 27 occurrences is topology e (6 linearly
arranged carbons). Topology e includes 12 aldohexoses, comprising the common
monosaccharides glucose and galactose, serving both as energy sources and structural
building blocks in the cell. An advantage of NMR-based topology analysis is that
quantitative chemical shift information at each carbon site is available. Aldohexoses
detected here generally exhibit a 5–10 ppm 13C chemical shift increase in the 1C or 4C
positions (or both) compared to monosaccharides. Since these positions are the common
glycosidic linkage sites with other molecular groups, the unknown aldohexoses might be
part of larger chemical structures, such as polysaccharides (whereby the oxygens involved in
these linkages divide the carbons into separate spin systems that are not connected by
TOCSY cross-peaks). Certain amino sugars, such as N-acetylglucosamine and N-
acetylmuramic acid present in the cell lysate in 4 different forms, share the same topology as
the aldohexoses (topology e). The third most frequent topology with 24 occurrences is
topology i (3 linearly arranged carbons). Topology i is adopted by 7 alanine-like compounds
and topology a includes 2 diaminopimelic-acid like topologies. Because the prevalent
glutamate, alanine, diaminopimelic acid, N-acetylglucosamine and N-acetylmuramic acid
form the basic building blocks of the peptidoglycan cell wall of E. coli, these topologies
might belong to cell wall fragments.14 Knowledge of metabolite topologies provides an
ideal basis for further characterization. Since NMR 13C chemical shifts with their high
sensitivity to substituents are obtained simultaneously with the topologies, they should assist
further chemical structure determination of selected mixture components. The presence of
substituents predicted from 13C chemical shifts can be corroborated by additional NMR
experiments that display additional correlations, for example, to 31P, 15N, and 1H nuclei.

The resolution power resulting from the combination of consensus trace clustering with
homonuclear 13C CT-TOCSY spectroscopy produces a unique and exhaustive set of carbon
topologies of components of a mixture of ultra high complexity as demonstrated here for a
uniformly 13C-labeled cell lysate. This kind of information should prove powerful for the
exploration and establishment of new biochemical pathways and interactions involving 13C-
labeled endogenous and exogeneous metabolites. Uniform 13C-labeling of many organisms,
such as bacteria, yeast and plants, is now readily available and, hence, this NMR strategy
can give broad access to the complex chemical information necessary for a systems
biological understanding of their function.

MATERIALS AND METHODS
Sample preparation

BL21(DE3) cells were cultured in M9 minimum medium as previously described7,15 with
[U-13C]glucose added as sole carbon source. One liter of overnight BL21(DE3) culture was
centrifuged at 5000×g for 20 min at 4 °C, and the cell pellet was resuspended in 50 mL of 50
mM phosphate buffer at pH 7.0. Cell suspension was then subjected to centrifugation for
cell pellet collection. The cell pellet was resuspended in 60 mL of ice cold water, and pre-
chilled methanol and chloroform were sequentially added under vigorous vortex at
H2O:methanol:chloroform ratios of 1:1:1. The mixture was then left at −20 °C overnight for
phase separation. Next, it was centrifuged at 4000×g for 20 min at 4 °C, and the clear top
hydrophilic phase was collected and subjected to rotary evaporator processing to have the
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methanol content reduced. Finally the liquid was lyophilized. The NMR sample was
prepared by dissolving the lyophilized material in D2O.

NMR experiments
2D 13C-13C CT-TOCSY data sets were collected with 576×2048 (N1xN2) complex points
with a long (47 ms) and a short (4.7 ms) mixing time, respectively, using FLOPSY-16 with
22 hours measurement time and a digital resolution of 38 Hz along ω1 prior to zero filling.16

Standard 2D 13C-13C TOCSY data were collected with 512×2048 (N1xN2) complex points
using a 46 ms mixing time using DIPSI-2 for mixing.17 Both 2D 13C-13C CT-TOCSY and
2D 13C-13C TOCSY were collected with 110 ppm 13C spectral width. The 2D 13C-13C
COSY data set was collected with 1024×1024 (N1xN2) complex data points with 202.5
ppm 13C spectral width. All NMR spectra were collected at 800 MHz proton frequency at 25
°C. The NMR data were zero-filled, Fourier transformed, phase and baseline corrected using
NMRPipe,18 and converted to a MATLAB-compatible format for subsequent clustering and
analysis.

CT-TOCSY spectrum reconstruction from cluster center traces

For each cluster center trace along ω2,  (where superscript r denotes a row vector), the
corresponding CT-TOCSY trace along ω1 was selected, which is represented by the column

vector  (where superscript c denotes a column vector) (see Supporting Information). For

each trace pair ( ) a N1xN2 correlation spectrum was reconstructed according to

 and superimposed on the TOCSY spectrum for cross-peak assignment and

validation. Since , but not , is decoupled because of the constant-time TOCSY scheme,
Sj is also decoupled along ω1 while it shows the full multiplet fine structure along ω2.
Therefore, the peak positions and cross-peak fine structures of Sj are identical to the ones of
the experimental CT-TOCSY spectrum. Comparison of the sum of all sub-spectra over all M

compounds (spin systems), , with the CT-TOCSY spectrum shows the near
completeness of CT-TOCSY cross-peak assignment of the E. coli cell lysate (Figures 3B,D).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected region of (A) 13C-13C 2D TOCSY and (B) 13C-13C 2D constant-time (CT) TOCSY
of uniformly 13C-labeled E. coli cell lysate. The large resolution improvement along ω1 in
the CT-TOCSY experiment enables the extraction of unique traces for their assignment to
individual metabolites.

Bingol et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(A) Dendrogram representation of the consensus trace clustering result of 2D CT-TOCSY
traces (cross sections) along ω2 of 13C-labeled cell lysate. The x-axis corresponds to the
consensus trace indices. (B) 98 semi-automatically determined 13C NMR cluster center
traces that represent the clusters of Panel A.
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Figure 3.
13C-13C 2D CT-TOCSY spectrum (A, red) in comparison with spectrum S (B, black), which
was back-calculated from the cluster center traces of Figure 2B. Panels C and D show the
zoomed regions (gray boxes) of the spectra of Panels A and B, respectively, resolving
details of the multiplet patterns.
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Figure 4.
Backbone carbon topologies of (A) coenzyme A, (B) ribose of uridine, (C) β-galactose, (D)
leucine from 13C-13C cross-peak connectivities of 2D CT-TOCSY at short mixing time (τm
= 4.7 ms) and from 13C-multiplet patterns along the ω2 dimension in CT-TOCSY.
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Figure 5.
Backbone carbon topolome of E. coli. (A) Display of the backbone carbon topologies of the
112 spin systems of E. coli identified in this study. (B) List of the different topologies
identified together with their occurrences (Occ.). Compounds with specific names matched
BMRB database compounds, whereas compounds referred to as “others”, “amino-acid like”,
or “saccharides” were not contained in the database.
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